ADA  07  69  41 


THE  FIRE  ENVIRONMENT  OF  A  SOLID  ROCKET 
PROPELLANT  BURNING  IN  AIR 


£.  W.  Price,  et  al. 


Georgia  Institute  of  Technology 
Atlanto,  GA  30332 


March  1979 


Approved  for  public  release;  distribution  unlimited. 


AIR  FORCE  WEAPONS  LABORATORY 
Air  Force  Systems  Command 
Kirtlond  Air  Force  Base,  NM  87117 


D  D  C 

EiPr-.m/iIZi 

NW  is  in* 


TSED1TE 

B 


79  06  20  067 


Best 

Available 

Copy 


AFWL-T3- 73-34 


f  \ 


This  Tina!  report  was  prepared  by  the  Georgia  Institute  of  Technology, 

Atlanta,  Georgia,  under  Contract  *29601-7$. C -01 19,  Job  Order  ILIR7605  with  the 
Air  Force  Weapons  Laboratory,  Mrtland  Air  Force  Base,  Hew  Mexico.  Lieutenant 
Michael  L.  Crawford  (DYV)  was  the  laboratory  Project  Qff1cer«1 n-Charge . 

When  US  Government  drawings,  specifications,  or  other  data  are  used  fcr  any 
purpose  other  than  a  definitely  related  Government  procurement  operation,  the 
Government  thereby  Incurs  no  responsibility  nor  any  obligation  whatsoever,  and 
the  fact  that  the  Government  may  neve  formulated,  furnished,  or  in  any  way 
supplied  the  said  drawings,  specifications,  or  other  data,  Is  not  to  be  regarded 
by  Implication  or  otherwise,  as  In  any  manner  licensing  the  holder  or  any  other, 
person  or  corporation,  cr  conveying  any  rights  or  permission  to  manufacture,  use, 
or  sell  any  patented  Invention  that  may  In  any  May  be  related  thereto. 

TM  s  reoort  has  been  authored  by  a  contractor  of  the  United  States  Government. 
Accordingly,  the  United  States  Government  stains  a  nonexclusive,  roya'ty-free 
license  to  publish  cr  reproduce  the  material  contained  here'n,  or  al'cw  others  to 
do  so.  for  the  united  States  Government  purposes. 

TM s  report  has  been  reviewed  by  the  Office  cf  Irfpmaticn  (Cl)  and  Is 
releasable  to  the  National  Technical  Information  Service  ( T I S '  .  At  NT'S.  It 
will  be  available  to  the  general  public.  Including  foreign  nations. 

This  technical  report  has  teen  reviewed  and  Is  approved  for  publication. 


9ALPn  D.  ROBINSON.  f.S«!l 
Project  Officer 


FOR  ’;>E  COMMANDER 


GEORGE  L.  WILLIAMS 
Major,  USAF 

Chief,  Environment  and  Effects  3rarch 


>V. 


OCMAS  Vi.  CIAMBP./NE 

Lt  Colorel .  USAF 

Chip'.  Apc’ied  5hysics  Division 


% 


C6  k-0J  fttTllflN  T  'IS  CCPT.  RETAIN  CR  DESTROY . 


ttew*i*v  cw.Mti*iC»nai»  or  r<n  >«a(  »*•»  Dm  (/,,•**« 


REPORT  DOCUMENTATION  PAGE 


HEAD  INSTRUCTIONS 
8EPCHE  COMPLETING  FOR* 


1  iAT  al39  NiiUPtO 


moo  covcaco 


iOm  *<m«  arO  aoD»»»» 


Georgia  Inatltuea  of  Technology 
Atlanta,  GA  30332 


<1  C9N<’DCLki««  OMid  «w|  ahO  a  COR  til 

Air  Fore#  Veapona  Laboratory  (DYV3 
Kirtland  Air  Fore*  Sate,  New  Mexico  8*11' 


Ml*  *0»CI  ' C aan h 


Fir* 

Cocsbuaticn 


'  0^  *•#•  If  ‘ 


•  iay  a*i  b i 


Solid  Rocket  ?rcp«llant 
Launch  Safet- 


*•1"^  "  Cewnapa  an  -a »a »#  »<«•  >1  n«a«a««*Y  ana  if*an»r  •  *  reel  •apbai 

A  acudy  was  aade  or  the  fire  *nviror.=#nc  of  l*T?  3C01  propel .ant  burning  at 
atcospneric  praaaure  In  air,  with  particular  ecpnaai*  or.  thv  condition*  likely 
to  affect  objects  iasarsad  in  the  fire.  Th.e  studiee  involved  3taauramer.ee  of 
condition*  uair.g  propellant  sar.oles  with  planar  burning  eurfacea  free  2  to 
120  C3-.  early  teiti  indicated  that  deposition,  of  condenaed  material  vaa  a 
critical  factcr  in  heat-up  of  inaersed  cb'ects.  Several  rethoda  of  observation 
ver#  used  to  determine  temperatures,  flew  •.•arlacies,  nature  of  cor.danaec  . 


*«CJ«irv  Cl  AlU’lCATtOM  O'  T«|| 


20 .  ABST1ACT  (Ccntiauad) . 

aacarlal  and  apaclal  dlatribuciona  of  chat*  variables.  Analyses  wars  aado  of 
cha*ical  equilibrium  conditions,  burainj  of  aluminum  droplets,  and  of  airs 
distribution  of  condensed  materiel  varaua  location  in  cha  flov, 


‘r<<  •;  f.r 


'■  v  ^-‘on  pr 

h ■’  s,',on  □  j 

o 


'  w  ms 

■  y-auTl 


itt* 


mi  *  :a*  : %  5 


TABLE  OF  CONTENTS 


Section  Page 

1.  Fire  Environment  of  a  Solid  Rocket  Propellant  Burning  In  Air  •  3 

2.  Fire  Environment  Baaed  on  Chemical  Equilibrium  Calculations  .  14 

3.  Screening  Studies . 23 

U.  Heat  Transfer  . . 41 

3.  Temperature .  31 

6.  Pad  1  a  1 1  on .  61 

7.  Velocity,  Density  and  Mass  Flow  Rate . 73 

8.  Burning  History  of  Single  Aluminum  Droplets  .  .  .  76 

9.  Burning  History  of  Droplet  Population . 82 

10.  Product  Oxide  Population  .  93 

11.  Collection  of  Condensed  Phase  Material  in  the  Combustion  Zone  104 

12.  Initial  Size  Distribution  of  Aluminum  Agglomerates  .  114 

13.  Gas  Analysis  of  the  Combustion  Cone  .  115 

Nomenclature . 120 

Append* x  A  Two  Dimensional  Mixing  Layer  Calculation  .  123 

Appendix  B  Photographic  Methods  .  142 

Appendix  C  Experimental  Determination  of  Droplet  Size  Distribution  152 

Appendix  D  Measurements  With  immersion  Heat  Probes .  171 

Appendix  E  Radiation  From  Droplets  . .  181 

Appendix  F  Determination  of  Velocities  In  the  Combustion  Zone  .  .  195 


i 

Appendix  G  Droplet  Population  Calculations  .....  .  •  217 

j 

Appendix  H  Gas  Analyses  . . . . .  242  | 


j 

Appendix  H  Gas  Analyses  . . . . .  242  | 


1  INTRODUCTION 


1.1  General  Statement  of  the  Practical  Problem 

Among  the  hazards  of  large  rocket  launched  Is  the  possibility  of  a 
propulsion  failure  that  leaves  parts  of  the  vehicle  exposed  to  burning 
propellants.  While  the  probability  of  such  failures  is  very  low,  It  can¬ 
not  be  totally  discounted  If  the  consequences  are  serious.  Thus  It  is  a 
matter  of  concern  chat  some  vehicle  components  such  as  radloiaotope  power 
sources  would  survive  a  propellant  fire  environment  without  release  of 
toxic  material.  Thia  imposes  a  rather  stringent  requirement,  which  can 
be  met  more  reliably  if  the  fire  environment  itself  is  adequately  charac¬ 
terized.  Ideally,  it  would  be  desirable  to  be  able  to  calculate  in  advance 
the  theraochemical  and  flow  environment  that  would  be  encountered  by  an 
object  in  the  fire.  Because  the  effect  of  this  environment  on  the  object 
is  also  determined  by  properties  of  the  object,  it  is  also  desirable  to 
be  able  to  run  reasonably  reproducible  and  inexpensive  tests  on  specimens 
in  the  firs  environment  to  screen  designs  and  materials  that  are  chosen 
to  survive  the  fire  environment. 

1.2  Goal  of  Present  Investigation 

The  purpose  of  the  present  investigation  was  to  adapt,  develop,  and 
apply  laboratory  scalo  methods  to  characterize  the  fire  environment  of  L'TP 
3001  propellant  burning  in  an  ambient  atmosphere.  Particular  empnasis  was 
placed  on  those  aspects  of  the  fire  environment  that  seemed  to  be  most 
important  to  deteriorative  effects  on  objects  immersed  in  the  fire.  To 
this  end,  the  experiments  included  limited  tests  on  imaersed  objects. 

Properties  of  the  fire  environment  that  were  assumed  to  be  important 
included  flow  velocity,  temperature,  density,  gas  composition,  and  droplet 
aize  and  composition  (aluminum  (A l )  and  alunin'im  oxide  (Al^Oj)).  it  was 
recognised  that  the  chemical  reaction  tone  of  the  propellants  was  localised 
near  the  propellant  surface,  except  as  modified  by  the  long  burning  time 
of  aluminum  droplets  in  the  combustion  plume.  Considerable  emphasis  was 
given  to  this  latter  attribute  of  the  combustion  zone  because  it  was  the 
least  well  understood  factor  in  the  fire  environment,  and  was  expected  to 
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be  *  critical  factor  in  affect  on  immersed  objects.  As  will  be  seen  later 
in  the  report  (Section  4.3,  4.4),  the  state  of  the  aluminum  combustion  is 
Indeed  a  critical  factor  in  immersed  object  response,  which  oust  be  charac- 
teriaed  in  detail  as  a  function  of  location  in  the  fire.  Considerable 
effort  was  devoted  to  this  task. 

1.3  Previous  Information  Regarding  the  Fire  Environment 

The  general  nature  of  the  fire  environment  has  been  determined 
previously  In  terms  of  rocket  motor  conditions,  but  only  for  specific 
propellants  and  environments,  and  only  in  qualitative  terms  (References 
1  through  3).  This  knowledge  was  used  to  forecast  che  nature  of  the  present 
problem  (below),  but  could  not  supply  the  quantitative  data  applicable  to 
atmospheric  pressure  with  UTP  3001  propellant. 

Testa  have  been  run  on  large  blocks  of  propellant  (References  4  through 
6),  usually  to  determine  the  deterioration  of  test  object*  in  the  fire 


1.  Pokhil,  P.  F.,  A.  F.  Belyayev,  Yu  V.  Frolov,  V.  S.  Logachev,  and  A.  1. 
Korocko,  "Combustion  of  Powdered  Metals  in  Active  Media,"  Corenlye 
Poroshkovbrarnykh  Mctallov  v  Aktlvnvkh  Srcdakh.  1972,  (translation 
from  l'.  S.  Air  Force  Foreign  Technology  Division,  UP-AFB,  Ohio, 
FTD-MT-24 -551-73) . 

2.  Pr'ce,  E.  W.,  Combustion  Instability  in  Rocket  Motors  with  Aluminized 
Solid  Propellants.  Naval  Weapons  Center  Technical  Publication  5505, 

June  1973. 

3.  Price.  E.  W.,  "Comment*  on  ’Role  of  Aluminum  in  Suppressing  Instability 
in  St  lid  Propellant  Rocket  Motors,’"  AIAA  Journal.  Vo l .  9,  No,  5, 

May  1971,  pp .  987-990. 

4.  Oencral  Electric  Space  Division,  Final  Report,  Safety  Test  No.  S-3, 
Sclld  Propellant  Fire.  Document  No.  uD!S-4li",  Julv  1^3. 

5.  Snow.  E.  C.,  Safety  Test  No.  S-6,  Launch  Pad  Abort  Secuer.tlal  Test 
Phase  II:  Solid  Propellanc  Tire,  Los  A lane  s  Scientific  Liberator”. 

Los  Alamos ,  New  Mexico,  LA-o03*-MS,  August  1975. 


Snow,  E .  C. ,  Solid  Propellant  Impart  Tests.  Los  Alamos  Scientific 
Laboratory,  Los  Alamos,  New  Mexico,  LA-*i2?3-MS.  March  19'6 


environment.  While  these  tests  obviously  cone  closer  co  simulating  the 
conditions  of  concern  in  a  launch  accident,  tests  are  costly,  and  it  is 
difficult  to  generalize  the  results  because  of  the  problems  of  making 
systetaaatic  measurements  of  fire  conditions  in  large  fires. 

Much  of  the  information  describing  the  fire  environment  can  bo  cal¬ 
culated  with  existing  computer  codes.  In  the  case  of  nonaluminized 
propellants,  these  computations  often  provide  more  accurate  Information  on 
gas  composition  and  temperature  than  on*  can  axpect  to  meaaura--and  at 
much  lower  coat.  However,  such  computer  codes  are  baaed  on  exiatence  of 
chemical  equilibrium.  In  the  case  of  aluminized  propellants,  the  slowly 
burning  aluminum  droplets  prevent  chemical  equilibrium  in  much  of  the 
volume  of  the  fLne  environment  of  Interest  here.  As  a  result,  the  therroo- 
chemlcal  equilibrium  calculations  are  helpful  in  determining  a  picture  of 
how  compositions  and  temperatures  go  in  the  fire  environment,  but  only  after 
the  spatial  distribution  of  the  aluminum  combustion  has  been  independently 
established  by  other  means. 

One  other  source  of  information  on  the  fire  environment  is  that  ob¬ 
tained  by  observation  of  rocket  exhaust  plumes.  The  references  on  this 
subject  gives  tome  ides  of  radiation  and  Al^O^  Prc**ucc  droplet  sits.  No 
attempt  was  made  to  review  this  literature  because  the  information  was 
considered  to  be  ot  doubtful  relevance  (i.e.,  does  not  simulate  the 
Interior  of  the  atmospheric  pressure  combustion  zone). 

l.i  General  Nature  of  the  Combustion  Zone 

Fros  previous  studies  of  cocbustlon  of  aluminized  propellants,  a 
reasonable  advance  description  could  be  constructed,  and  is  described  here 
to  assist  in  understanding  the  aubsequent  studies  and  results. 

Because  of  slow  aluminum  combustion,  the  combustion  zone  has  the  macro¬ 
scopic  structure  shown  in  Figure  l.  In  a  thin  region  (roughly  1-ca  thick) 
adjoining  the  propellant  surface,  the  oxidizer  and  polymeric  binder  decom¬ 
pose  and  interact.  7!us  is  followed  by  ar.  extended  Region  A,  (Figure  1) 
in  which  the  aluminum  droplets  are  burning,  and  the  gaseous  products  are 
near  to  equilibrium  composition  (i.e.,  equilibrium  for  the  amount  of 
aluminum  burned  at  that  point).  Region  B  corresponds  tc  a  distance  from 
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Flzurc  1.  General  *truct»iTe  of  the 


the  burning  surface  great  enough  ao  that  all  aluminum  la  burned.  Along 
the  sides  of  the  cmbustlon  plume  there  are  regions  where  the  environmental 
air  has  mixed  with  propellant  products.  Because  the  propellant  products 
are  highly  fuelTlch,  air  admixture  leads  to  further  reaction  and  heat 
release,  concurrent  with  dilution  and  cooling  with  atmospheric  nitrogen. 

The  Important  aspect  of  this  macroscopic  description  of  the  combus¬ 
tion  sons  is  recognition  of  the  difference  in  reaction  rate-controlling 
processes  in  the  different  regions.  Hear  the  propellant  surface,  the 
dominant  rates  Involve  binder  snd  oxldlser  decomposition  and  mixing.  In 
Raglan  A,  the  rate  is  limited  by  the  aluainuo  droplet  combustion.  In 
Region  B,  composition  Is  constant.  In  Regions  C  and  0,  the  rate  la  limited 
bv  air  mixing.  The  principal  scale  effect  in  going  to  large  propellant 
samples  Is  the  decreasing  importance  of  edge  effects  (Regions  C  and  D). 
Region  A  remains  the  same  thickness  for  all  sample  sites  that  are  large 
enough  for  complete  aluminum  combustion  before  appreciable  air  admixture. 
Determination  of  these  sample  sizes  It  one  objective  of  the  investigation. 

The  macroscopic  structure  of  the  ccwibuation  zone  la  substantially 
determined  bv  microscopic  details .  as  Is  the  nature  of  the  two-phase  flow 
seen  by  an  object  loxaersed  In  the  fire.  Looking  at  the  combustion  sequence 
on  a  more  microscopic  scale,  the  oxidizer  and  binder  on  the  propellant  sur* 
faca  decompose  to  gases,  while  the  aluminum  particles  (10  to  30--ml  accumu¬ 
late  and  adhere  to  form  larger  agglomerate  droplets  up  to  200  »un  in  diameter 
and  more  (Figure  21.  The  cxidlzer  and  binder  gases  mix  and  react  near  Che 
burning  surface.  The  aluminum  agglomorace  droplets  Ignite,  «nd  burn  briefly 
on  the  surface  (Figure  3>,  then  move  out  Into  the  gas  flow.  There  they  bum 
so  slowly  that  they  produce  an  extended  combustion  zone  roughly  one  meter  in 
thickness.  The  final  product  flow  is  roughly  30*.  aluminum  oxide,  which  is 
In  liquid  droplet  form.  The  foregoing  complex  of  processes  is  described  In 
Figures  3  and  >*. 

Figure  i  shows  the  course  of  the  combustion  ot  the  aluminum  droplet 
cloud  in  more  detail.  Starting  with  a  variety  of  agglomerate*  in  the 
20  to  200--m-dloaeter  range,  the  droplets  bum  by  two  path*  that  produce 
distinctive  product  oxide  droplets  (Figure  2'.  Fine  2  _n>  smoke 
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Figura  •«.  of  aluminum  coabuatlon. 
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droplet*  *r«  formed  in  a  flute  envelope  around  etch  aluminum  droplet. 

Oxide  ilio  fora*  end  accuaulaces  on  the  aluolnua.  Thi*  in  turn  fora*  e 
distinctive  oxide  lobe  thet  eventually  hecooea  a  reaidual  droplet  when 
the  alualnua  1*  contuned.  Thu*  an  increasingly  dense  oxide  cloud  develop* 
a*  the  burning  aluminum  droplets  and  saoke  move  away  from  the  propellent 
surface,  with  the  initial  residual  oxide  consisting  of  relatively  saall 
droplets,  and  larger  one*  being  formed  later  as  the  larger  alualnua  drop* 
lets  burn  out . 

It  le  not  entirely  clear  to  what  extent  the  microscopically  complex, 
spatially  nonunlfora  aluminum  conbuation  field  roust  be  characterized,  but 
the  results  in  this  report  indicate  that  the  detail  le  very  Important  to  the 
pluae  effect  on  isxrarsed  objects.  This  explains  the  consideration  of  detail 
in  the  foregoing,  end  a  subsequent  impact  on  the  invcetl getlons  end  the 
approach  used  here  in  reporting  results. 

1.5  Strategy  in  Reporting  Results 

The  structure  of  this  report  was  governed  by  three  widely  different 
motivations : 

1.  Much  of  the  work  wee  exploratory  in  nature,  because  of  the 
limited  amount  of  advance  information  on  experimental  methods, 
or  on  identity  of  dominant  mechanisms.  For  this  teeeon  the 
project  work  statement  started  with  a  topic  entitled  "Screening 
Studies".  These  are  suenericed  early  in  the  report  for  further 
orientation  cn  the  proolum  and  motivation  of  later  work. 

2.  The  physicchemical  processes  Involved  are  so  complex  and  inter* 
active  the.  no  s.aple  sequential  description  of  the  lnvestiga* 
cions  or  their  significance  is  possible. 

3.  While  the  objective  of  the  Investigations  and  this  report  is  to 
describe  the  fire  environment,  this  is  an  artificially  limited 
goal;  the  line  of  investigation  is  continually  oriented  towards 
those  factors  controlling  the  effect  of  the  fire  en"i rorur.ent  on 
objects  ismersed  in  the  fir#**even  to  the  point  of  preliminary 
observations  ot  itaaersed  objects. 


Following  this  Introduction,  the  rciulti  of  cat  cneraical  equili¬ 
brium  ctlculicloflt  iri  sunned  zed  in  *  wty  intended  to  (hew  how  the  com* 
position  end  tsepereture  in  the  fire  environment  would  very  (over  the 
Regions  in  figure  l)  if  one  knew  the  spatial  distribution  of  the  aluminum 
combustion  end  eir  admixture.  This  is  followed  by  e  susssery  of  the 
Screening  Studies,  which  Include  (among  other  things)  preliminary  eveluetlon 
of  the  dimensions  of  the  aluminum  combustion  tone.  Following  this,  e  brief 
eectlon  discusses  the  espects  of  the  hast  transfur  to  en  Immersed  object, 
with  e  summery  of  direct  observations  made  during  the  Investigations . 

The  result*  of  these  obssrvetions  brought  forth  the  weeknese  of  the  concept 
of  temperature  during  heat  transfer  in  e  rwu-phese  reacting  flow  of  thia 
kind.  This  led  to  the  next  section,  which  is  n  discussion  of  the  microscopic 
temperature  distribution  in  the  combustion  tone.  The  following  sections 
concsrn  radiation  in  the  firs  environment,  variables  concerned  with  flow 
rates,  end  determination  of  size  end  corpus  l  non  of  droplets  lr.  the  com¬ 
bustion  zona.  Detailed  discussion  of  experiments  end  analysis  are  pre 
eented  in  tit#  appendices. 
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2  FIRE  ENVIRONMENT  BASED  ON  CHEMICAL 


EQUILIBRIUM  CALCULATIONS 
2.1  Applicability  of  eh«  Method 

Chemical  equi librium  calculations  have  baen  uiad  affectively  in  pre¬ 
dicting  rocket  sotor  parfonaance,  and  the  method  1*  highly  perfected.  In 
the  preeant  problem,  the  aathod  la  eulcabla  for  thoea  slcuatl&.is  where  gaa 
combustion  la  coaplate  and  air  admixture  minimal.  Such  calculations  would 
give  the  coatposltlon ,  taaparatura,  density  and  viscosity  In  Region  B  of 
Figure  1.  but  would  provide  no  Information  about  the  else  distribution  of 
cho  Al,Oj  droplets. 

In  regions  where  the  aluminum  droplets  are  still  burning,  chemical 
equilibrium  calculations  have  soma  value  because  equilibrium  Is  approtxl- 
mated  In  most  of  the  volume  * -1. a. ,  everywhere,  except  vary  near  each 
burning  aluminum  droplet,  Thla  is  Che  situation  In  Raglan  A  of  Figure  1 
where  useful  calculations  could  be  made  if  one  knew  how  much  of  the  aluml- 
nusa  was  consumed  ac  each  point  in  cha  Region.  Lacking  that  Information, 
the  calculations  can  be  made  anyway,  using  percent  aluminum  reacted  as  a 
parameter.  Such  calculations  help  to  Illustrate  how  the  aluminum  Ingre¬ 
dient  contributes  to  gas  composition  and  temperature,  but  leave  Che  com- 
bust  Ion  sons  uridescrlbed  as  far  as  Its  spatial  distribution  Is  concerned, 
because  that  la  determined  by  unknown  rate  processes  In  the  aluminum  drop¬ 
let  combustion. 

Applicability  of  equilibrium  calculations  is  more  Halted  In  the 
regions  of  the  combustion  sons  vhert  sir  admixture  is  appreciable  (Regions 
C  and  D  of  Figure  1'.  Reaction  rates  are  governed  not  only  by  molecular 
collision  rates,  but  by  relatively  slow  overall  dlffuslcxi  rates  of  air 
and  propellant  species.  In  addition  to  the  slow  combustion  of  cha  aluminum 
droplets.  Further,  the  aluminum  and  Its  oxide  product  droplets  do  not 
diffuse  Into  Che  air  In  the  seme  way  as  the  gaseous  propellant  products, 
posing  a  very  complex  problem.  The  equilibrium  calculations  do  provide  s 
means  to  explore  the  approximate  effect  of  sir  admixture  on  gaa  composition 
and  temperature . 
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During  the  project,  a  eerie*  of  chemical  equilibrium  calculation* 
were  made  for  OTP  3001  propellant  at  one  atmosphere.  Thee*  calculation!, 
made  wich  Che  ACE  computer  program  at  the  Air  Force  Weapon*  Laboratory, 
Involved  calculation*  u*ing  percent  aluminum  reacted,  and  percent  air 
admixture  a*  parameter*.  Results  ere  deicribed  in  the  following. 

2.1  Equilibrium  Condition*  for  Adiabatic  Combuation 

Coobuatlon  of  UTT  3001  propellant  at  one  atmosphere  leads  to  the 
product  composition  In  Table  1. 

Table  1.  Composition  of  Reaction  Products  at  Clven  by  Chealcal 
Equilibrium  Calculation*  with  the  ACE  Cong>uter  Program 
(Adiabatic  Composition  of  DTP  3001  Propellant  at  One 
Ataosphert) . 


Mol  Weight 

Product  Specie  Fraction  Fraction  State 


ai,o3 

0.0748 

0.3997 

Liquid 

V 

0.1123 

0.1060 

Cas 

H, 

*• 

0.2815 

0.0297 

Ca* 

<*2 

0.0147 

0.0339 

Cas 

CO 

0.2635 

0.3868 

Css 

HC1 

0.1207 

0.2306 

Cas 

*2 

0.0783 

0.1157 

Cas 

Other  properties  of  the  equilibrium  products  ere  suomarlted  in  Table  2. 
The  result*  In  Tabl«s  1  and  2  are  applicable  to  Region  B  In  Che  com¬ 
bine  ion  tone  as  described  In  Figure  1.  Thl*  1*  e  major  part  of  the  fire 
environment  of  a  large  piece  of  propellant,  encompassing  that  region  more 
then  cm*  meter  or  so  from  the  burning  surface,  out  to  tho*e  region*  wh*re 
sir  admixture  ha*  becoem  Important.  For  e  Urge  propellent  sample  (e.g., 
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Table  2.  Properties  of  Reaction  Products  in  Table  1 


Temperature 

2990cIC 

Average  molecular  wt 

excluding  ALjO^ 

19.082 

including  Al^O^ 

26.707 

Density 

excluding  Al^O^ 

0.778  x  10*4g/cm3 

including  A.l20^ 

1.088  x  10‘Vcm3 

1  meter  across  the  naming  surface),  the  urpereture  culated  by  this 
aeana  Is  probably  nore  accurate  than  can  b«  oeasu  f  .  -.tly. 

2.3  Effect  of  Incomp lete  Aluminum  Combustion 

Closer  to  the  burning  surface,  the  aluainua  is  not  all  burned.  Equl- 
librium  composition  was  calculated  for  several  assumed  values  of  percent 
aluminum  burned,  aa  suggested  in  Section  2.1.  The  results  are  shown  in 
Figures  3  and  6,  the  latter  shoving  the  temperature.  In  these  calculations, 
some  assumptions  had  Co  be  made  as  to  the  tesperature  of  the  unburned 
aluminum  (the  computer  program  simply  ignored  the  unburned  aluminum  and 
corrections  in  temperature  were  made  by  hand  calculations  for  Figure  6. 

Of  the  three  assumed  aluminum  temperatures  referred  to  in  Figure  6,  the 
value  2535~K  is  most  plausible  for  Region  A,  while  lower  values  are  ap¬ 
propriate  near  the  burning  surface  (which  corresponds  to  nssr  OX  aluminum 
reactad) . 

From  Figure  6,  it  can  be  seen  that  the  aluminum  combustion  brings 
the  temperature  In  Region  A  up  from  about  2350‘K  at  about  1  cm  above  the 
burning  surface,  to  299Q'K  at  the  start  of  Region  B  (Figure  1)  where 
aluminum  combustion  Is  complete.  In  the  process,  and  COj  are  reduced 
to  H.,  and  CO,  as  Indicated  by  Figure  5.  Concentration  of  other  gases 
in  Table  1  are  relatively  constant,  The  calculations  are  instructive. 
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but  call  nothing  about  tha  droplet  size  dlitributlona  at  each  point  In  tha 
combustion  xona  (Figure  A)  or  the  dimensions  of  the  combustion  tone,  Di* 
mansions  noted  above  were  estimated  from  experimental  observations. 

2. Effect  of  Air  Admixture 

As  noted  In  Section  2.1,  some  aatlaate  can  be  made  of  this  effect  in 
Regions  C  and  0  from  equilibrium  calculations.  The  primary  effects  of  air 
admixture  are  to  dilute  the  plume  with  cold  nitrogen,  end  to  oxidise  the 
H,  and  CO  back  to  H^O  and  CO^.  fir,t  effect  cools  the  plume  end  the 

•econd  heats  it,  so  modest  sir  admixture  dote  not  have  a  critical  effect 
cm  temperature.  Further  out  in  the  mixing  region,  the  temperature  must 
drop  off,  Indicating  depletion  of  fuel  species  from  the  plume,  continued 
mixing  with  elr,  end  a  shift  to  lower  temperatures  and  an  oxidizing 
atmosphere.  This  trend  1*  reflected  in  Figure  ?,  which  shows  hcv  the 
temperature  changes  with  percent  air  admixture  for  equilibrium  composition. 
The  different  curvea  are  for  different  percents  of  aluminum  burned.  The 
curve*  show  ths  low  sensitivity  of  temperature  tc  alf  adaixtura  up  to 
about  50*  concentration  of  air. 

It  should  be  stressed  that  the  chemlcjl  equilibrium  calculations  sre 
relevant  and  give  accurate  predictions  in  those  regions  of  the  combustion 
tone  where  the  gas-phase  reactions  proceed  much  more  rapidly  than  aluminum 
droplet  combustion  (Region  A  of  Figure  1)  or  air  mixing  (Region  D  of 
Figure  1).  In  the  mixing  region,  equilibrium  between  gaseous  species  may 
be  approached,  but  it  is  uncertain  what  the  state  of  the  aluminum  will  be, 
priaarily  because  it  does  not  diffuse  laterally  with  tha  product  gasas, 
but  does  react  with  the  air-enriched  mixture.  In  view  of  the  uncertainty 
of  the  aluminum  and  aluminum  oxide  concentrations  in  tha  air  admixture 
region,  tha  equilibrium  calculations  servt  there  primarily  as  a  meant  of 
setting  limits  on  the  uncertainty  regarding  teoperature.  this  will  be 
discussed  further  in  the  context  the  air-plume  mixing  problem  in 
Appendix  A . 

Turning  to  the  effect  of  air  admixture  on  c  oetpos  i  1 1  on ,  the  condition 
0*.  aluminum  burned  was  chosen  to  illustrate  the  effect  cf  air  concentration 
(Figure  8).  This  corresponds  to  the  mixing  region  Immediately  above  the 
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Adiabatic  flame  tcaperaturc  vs  percent  aluminum  burned  end  percent  air  admixture 
(calculated  for  equilibria  except  as  Indicated  by  percent  and  temperature 


edge  of  the  burning  sample,  but  Key  approximate  such  of  mixing  Region  D, 

in  view  of  the  slow  lateral  diffusion  of  condensed  materiel.  In  the  figure, 

ell  concentres  ions  go  to  the  composition  of  elr  es  the  ebsclsee  approaches 

100?.  (low  concentrations  for  the  gases  shewn).  However,  starting  at  0*. 

air,  the  H^O  concentration  initially  holds  steady  in  spite  of  dilution, 

as  the  H,  reacts  with  the  incoming  oxygen.  The  CO.  concentration  actually 
*  * 

increases  up  to  SO*  air  admixture,  due  to  oxidation  of  CO.  At  higher  air 
concentration,  the  concentrations  In  the  figure  drop  off  rapidly  due  to 
dilution.  The  subject  of  the  dimensions  of  this  mixing  cone  is  touched  on 
in  Sections  L,  2  and  5,  and  in  Appendix  A. 
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j  screening  siedies 


3  .  1  Introduce  ton 

At  t  he  outset  of  this  study  ,  it  c  on  s  ld.-r-.b  1  o  ha -bloc.  of  informal  i  «*n 
vas  available  or  combustion  of  lamiai  :oJ  solid  propellants,  but  the 
Applicability  ut  that  inter:  .‘.a  tier,  to  burning  under  atc-.osphc  r:  c  conditions, 
or  for  ITT  3001  propellant,  vas  uii.a.  ut.  ,  Further,  there  were  sc  m  critical 
unresolved  issues,  such  a.  the  s;oe  of  a  !  c..r.  i  n.  nr;  a  gg  1  os  c  ra  !  e  s  of  the  parti¬ 
cular  pr.pelljo.l,  t  b..  r  ra  f  ■  c:  tin  dvcpl.is,  orj  th.e  relative’  tV,our.l 

of  oxide  forced  as  fina  s.uoWt  and  as  surface  oxide  on  burn  tup  droplets 
(which  toms  cuch  larger  oxide  droplets  in  the  plume).  Since  these  ques¬ 
tions  were  considered  to  he  critical  to  the  effect  of  the  fire  on  irener sed 
objects,  if  was  essential  that  methods  be  developed  and  applied  to  .tale 
such  .cm  r..i:  .jns,  Before  ini  t  ial  to..;  quantitative  neasureren.t  :• ,  ;t  was 
:n  .  p»  sed  to  do  a  series  of  » c  rev  r.  ir.  c  studies  designed  to  obtain  .  .id ;  t :  on  ,i  : 
:c  il'.f  i:  ;  insight  ar.d  evaluation  of  candidate  experimental  fod:.. 


J.l  Test  Sample  Preparation  and  P:.iim\nary  Photographic  Stud. os 

Initial  testing  vas  directed  at  narrowing  the  scope  ol  th.c  problem 
by  exper  ice:-.:  a  1  observation  of  coshuat  .  vn  e:  various  sire  sample:  v;:;; 
various  ign.it  ser,  methods  and  various  processus  cf  coating  th.c  ;.id>.s  o  i 
the  so;  pic  i’ too: r  than  the  burning  surface.  It  was  desired  to  us.  small 
m.  P  * .  >  ..  .  -i —0. . . .  c  w .  .  .  a  s  .  .  . .  a  u  s  c  ..  s .  »p  . :  i . .  1  .  s  .  " 

ini, .  Sc  rcem-.j  feus  with  p  r.  po  11  ar.L  cures,  burned  ;  r.  ar  a.wh.e:  t  a  f  rpiu  re 


•  t'  ...  I  I  . C  t  ‘  ;■  n.  t  _•  •  s' 


. ;  ar-.ei  er  s.vnt'Ies  '.  ec.c  se  phot  graphs  t;  t  ,v:r.  y 


ah.. ■wed  that  t:.is  res... ted  in  a  ..*;r;v  o;.»  s:er.a.  ii.w  away  : ;  c*c  t  he 

burn,  ins:  surface,  l.cpef  ...y  s  i:  ..  1  •»'.  :n.»t  a  coli.-car  m*.i  ic:i  .move  the  burning 
surface  of  a  large  son,  ..  5 .  v.e  s.  a',  lei  nlcs  served  we  1  1  to  den.T.ft  rate 

the  details,  of  the  two-?  haso  r.at  :r.-  of  the  ",v:'c"  and  the  prolonged 
burning  of  the  a  1  .-.in. nr.  d i  ’plcts  •Tig  .re 

it  vs«  rou’id  that  cane  tn  i-p-ilion  and  ci  the  sample  vas 


required  to  .;uu;  lOcrr.a:  venous  l  tor.  p  iu:e  s  . 


.  i,ui  v  l  tl  "SS  tl  V  ® 


c  vtplis’-c 


;n;  an  c>  1  e .  t  r  1  ca  .  ly  leafed  1  up  .  :  w.r-  Tfigure  111,  a:,d  a 


coating  .  ante  i  or.  >  j  c  t  i :  c  o  t  potass,  uni  p 


rigur*  9.  Columnar  ccnbuttlon  pluaw  f r on  a  5-ca  dla»atar 
■tuple  of  l"T P  3001  in  air. 


Figure  10.  Blown  plume  t  r>nn  .1  J.S-cin  s.triple,  shoving  respimBC  of  products 
other  chan  aluminum  aggKmserute*  t li.'ss.  i  Kh,  (Streaks  In  the  upper 
plume  Indicate  motion  ><»  hunt  lop.  agglomerates  during  the  time  the  camera 
shutter  w at  open  Intermittent  nature  of  the  .streaks  Is  produced  by  a 
1000  Hz  chopper  In  the  light  path  to  tacllltate  velocity  determinations). 


Figure  11.  Photograph  of  a  S-c m-dlamet er  sample  with  igniter  wire  and 
Igniter  paste. 


and  boron  powders,  in  a  po  lybutadiene  binder  thinned  to  the  desired 
consistency  with  toluena.  The  aide*  of  the  Maple  were  inhibited  by  a 
»r.fir  or  petroleum  Jelly,  which  had  the  virtue  of  celting  and  flowing  awsv 
from  the  burning  surface,  giving  a  clean  edge,  Other  inhibitors  either 
failed  to  prevent  burning  down  the  aides  (Figure  12),  or  accumulated  on  the 
periphery  In  such  a  way  as  to  modify  combustion  or  obstruct  the  view  of 
the  svirface  (Figure  13). 

The  early  studies  shewed  that  camera  settings  equivalent  to  0.  O’,  sec 
at  f / 3 2 ,  with  ASA  160  color  film  yielded  satisfactory  exposure  of  the  plume. 
However,  it  will  be  noted  later  that  the  bright,  burning  aluminum  agglon* 
e-rat*  s  tend  to  b«  obscured  by  the  smoke  cloud  unless  exposure  time  can 
be  reduced  to  about  0.0002  sec  (with  corresponding  increases  in  aperture 
and, 'or  film,  speed).  Close-up  pictures  of  the  burning  surface  and  plume 
structure  were  t ai.cn  with  a  3."'-nm.  Nikon  camera  with  a  200  to  600-mn  rcur, 
telephoto  lens  ( lu  r  the  r  details  *:  photog:  j;>hi .  s e thuds  .lie  presented  in 
Append i  x  B )  . 

The  plume  pictures  showed  th.it  burning  aluminum  droplets  art*  pr<  sent 
in  tne  plume  for  •» .*  much  as  1  meter  a '».-%•••  the  burning  surface.  Near  the 
burning  surface  (Figure  1  - the-  plume-  is  dominated  by  streams  resulting 
from  smoke  trails  1*1,0,  particles  in  the'  •-  2  --diameter  range),  trails 

4.  J 

formed  from,  a  lum.in'tfs  agglomerates  burning  on  the  propellant  surface. 

Previous  studies  have  shown  that  the  burning  agglomerates  fora  very  fine 
A1,0^  smoke  droplets  in  a  detached  flame  envelope  around  agglomerate  drop¬ 
lets,  and  also  form  oxide  on  the  droplet  surfaces  (References  7  and  8; 

Figure  15).  Thus  one  expects  the  aluminum  droplets  to  continue  to  form 
smoke  after  departure  from  the  burning  surface,  and  to  produce  larger  oxide 

7.  Prenti.c,  J.  1..,  "CocbusUon  of  Single  A l -on Inure.  Dr.-plots  in  Various 
Oxidicirg  Cases  Including  COi  and  Water  Vapor,"  (hem.ical  Prcnulsicn 
Inform.-.  •  ;.n  A,-cnc  Pv.V.  1 1  c  a  t  ion  2A3,  Vc\.  Ill,  December  1973,  pp  27?- 
205 . 

e.  Price,  E.  W .  ,  H.  C.  Christensen,  R .  H .  Fnlpe,  C.  M.  Drew,  J.  L .  Prentice, 
and  A.  S.  Tcrd-n,  A ,,r‘. Particle  C.m.bus;;  ~ti  :  Progress  Report.  Naval 
Ordnance  Tost  Stati.-n  Tcchm.al  Pub  U  cat  ion  3  )  1 t> ,  April  i960. 
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Figure  12.  Photograph  oi  a  2.b-cra  cample  with  nonunilorro  edge 

burning  and  divergent  plume,  unsuitable  for  test  work. 


Figure  13.  Photograph  of  n  2.Wm  sample  with  accumu latlng 
Inhibitor  obstructing  edge  burning  and  viewing, 
(.enerally  unsuitable  for  lest  work. 
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Figure  14,  Photograph  of  plume  near  surface  showing  smoke  trails 
from  aluminum  aggluraernt vs  burning  before  detachment 
from  the  propellant  surface. 
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droplets  upon  burn  out,  droplets  consisting  of  sll  the  surface  oxide 
accumulated  before  bum  out.  The  photography  shows  the  burning  agglomerates 
--  especially  when  the  obscuring  BcioWe  is  blown  sway  by  transverse  flow 
(Figure  10).  The  residual  oxide  droplets  (which  are  much  larger  than  the 
smoke  droplets,  and  probably  r.ot  blown  away  by  the  cross  flow),  do  not  show 
in  photographs  because  they  are  cooler  chan  the  droplet  flame,  and  corre¬ 
spondingly  lees  luminous  (See  also  Sections  Sand  6).  As  noted  in  later 
discussion,  the  residual  oxide  droplets  a  re  observed  in  direct  sampling 
of  the  plume. 

3.3  Mixing  and  Atmospheric  Effects 

As  noted  in  the  Introduction,  the  propellant  plune  Is  fuel-rich  and 
reacts  with  air.  This  results  ir.  s  mixing  reaction  region  around  the 
plume  which  may  be  a  factor  in  some  fire  situations.  Further,  the  alumi¬ 
num  droplets  :>urn  \igcr.usly  in  air,  and  can  be  p  rede  mi  nan:  in  the  pictures 
of  the  plurc  bt  cause  agglomerates  in  the  interior  of  tht  p'v-.c  tend  to  he 
obscured  by  smoke.  The  com.bujticn  of  agglomerates  in  air  is  best  dern-nst ra¬ 
ted  in  the  prvscr.t  work  by  samples  with  r.cuf'.^t  burning  u,i  fau-s  (Figure  12) 
and  bv  droplets  deflected  o,;t  of  the  plume  t  figure  lnj. 

Early  rcsclti  ir.Jicatcd  that,  however  colunr.sr  the  flow  from  the 
burning  surface  appeared,  mixing  of  air  Into  the  plume  was  rapid,  being 
substantial  (for  5-cm  sanplts)  at  the  center  of  the  plume  at  a  distance 
of  15-cb  froo  the  burning  surface  (see  later  discussion  of  te.-r.pera tore 
neasureoent),  Hie  mixing  is  by  circulation  as  well  as  molecular  diffusion, 
as  illustrated  in  tests  on  large  samples  (12.7-cn  diameter*  as  in 
Figure  17.  Tests  were  run  with  the  5-cn  samples  and  ''him.es  inside  a 
15-cn  pyrex  tube  with  flow  of  different  gases  (Ar  and  0^ '  to  clarify  t  he¬ 
roic  of  nixing  and  reaction  in  the  plume  boundary.  While  only  preliminary 
in  nature,  photographs  during  these  tests  on  2.5-cra  samples  showed  the  plume 
to  be  greatly  suppressed  in  brightness  in  an  argon  atnespherc  (Figure  18). 
These  result#  support  the  interpretation  of  rapid  plune  mixinu  and  dictated 
use  of  sample#  at  least  .S-cm  diameter  in  the  subsequent  investigation,  with 
most  being  burned  ir.  5-cn-d;jmetc>r  tube#  to  confine  the  plume. 


?0 


Figure  17. 


(b) 

11)01 ographs  of  plume  from  a  W.b— .re  sample,  shoving 
convective  mixing  at  Che  periphery  of  the  plum. 

Fart  a,  full  plume,  and  Part  b,  close-up  with  vortex 
ring . 
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Figure  18 


.  Photographs  of  sample  burning  in  a  column  of 
flowing  gas:  (a)  Argon,  (b)  Oxygen. 
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3.4 


Collection  of  Condor,  sod  Material  In  Open  Plumes 

In  order  Co  establish  the  burning  rates  and  site  distribution  of 
agglomerates  in  the  plume  directly,  it  was  proposed  that  burning  agglom¬ 
erates  he  quenched  and  collected  at  various  locations  in  the  plur.e.  Pre¬ 
liminary  calculations  Indicated  chat  if  the  burning  surface  were  oriented 
to  give  a  horizontal  plume,  the  agglomerates  would  fall  out  of  the  plir.-.c 
due  to  gravity,  and  earlier  tests  on  a  different  propellant  had  shown 
that  it..:  burning  agglomerates  would  then  quench  if  allowed  to  full  on  a 
petal  niate.  However,  screening  test*  on  U7P  3001  in  open  plumes  showed 
that  the  aluminum  agglomerates  were  not  quenched  or.  the  plate,  but  instead 
usually  bounced  and  continued  to  bum  (Figure  19).  Various  sciumcs  were 
used  to  achieve  good  quenching  and  collection  from  open  pi  tines  (inclined 
plates,  trays  n:  water,  nltro.,.  :■  f  '  •  '  :-.i  r.p  ) ,  with  -or.  !y  limited  swo  as. 


Seme  a.-.^lor-er.ite  >  were  captured  and  p  ip •  u'ipjrc  ?  C- 1  ,  1 1  luf  ir.'.  i  iag 

th.c  expected  c on i . ucrat feu  a. .a  site.  However,  it  was  decided  during  tncte 
studies  that  the  rapid  mixing  of  the  a tnosphere  with  the  open  plume  would 
lead  to' dccept i ve  results  can  ii  successful  open  plume  quenchin-  were 
achieved.  As  a  result,  systematic  studies  were  made  later  by  tests  on 
samples  burned  in  Cubes  (sec  below). 

During  the  efforts  to  quench  -  samp le  agglomerates ,  copious  quantities 
of  aluminum  oxide  were  collected,  These  samples  revealed  the  ixpo.-tsd  com¬ 
bination  (Figure  21o)  of  fine  oxide  smoke  and  larger  residual  oxide  spheres 
fa*  well  as  the  oxide  caps  on  Che  agglor.vr.-it.es ;  tFlgurcs  21b,  2 !  c ) .  In 
iater  studies,  efforts  were  made  to  determine  the  v*ight-dl  starve  distri¬ 
bution  of  aluminum,  smoke  and  residual  oxide,  as  well  as  their  size  distri¬ 
butions.  This  will  be  discussed  below  and  in  Sections  6  through  11, and  in 
Appendix  C. 


3.5  Collection  of  Condensed  Material  in  Tube  Burners 

Pec/.use  of  the  problem  of  rapid  air  admixture  in  the  caucus t i  on  plur.e, 
i«?s*i-.g  was  eventually  shifted  to  confined  flow,  where  the  sample  was  fitted 
ir.  a  tube,  and  observations  were  made  at  the  tube  exit.  In  the  case  of 
collection  o:  condensed  material,  the  tube  was  oriented  open-er.d-down .  The 
out-flow  was  then  quenched  by  various  means  such  as  discharge  into  a  pool  of 
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Figure  IS.  Phot  o^ra  ph  shoving  i*n  m  i  .  .!>■  p  !  .«r.o  rat  t*s  falling  out 
of  a  hoi  .il  p  1  nr-.- .  inpi  ngittg  and  bouncing  on  a 

quench -co  1  lection  pi. He  . 


Figure  20.  I’ictute  of  an  agglunc  rate  that  quenched  on  a  metal 
plate  (SKN). 
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figure  21.  Forms  of  oxide-  droplets  in  the  combustion  plume: 

(s)  oxide  smoke ;  (h)  quenched  aluminum  agglomerate* 
with  lobe  of  surface  oxide  (precursor  of  residual  oxide 
droplets),  and  U)  residual  oxide  droplets  (formed  from 
oxide  lobe  of  agglomerate) . 


alcohol.  These  method*  were  explored  in  the  screening  studies  end  found  to 
vielJ  quenched  material  in  good  condition  (Figures  21  and  22).  later, 
more  complete  testing  is  discussed  in  Section  11. 

3.0  Combustion  2one  Site  snd  Structure 

‘  The  collected  measurements  of  the  screening  studies  indicate  that  the 
experiment  can  be  conducted  so  as  to  yield  a  columnar  flov  ftv-n  the  burning 
surface,  o&sent  lal  to  laboratory  simulation  of  fire  « of  practi¬ 
cal  concern.  Microscopic  detail  of  the  fci  niir.c  surfac.  shows  protruding 
oxidiser  particles  (Figure  23a)  and  burning  agglomerate*  of  aumincn 
particles  (up  to  500  Figure  23b).  In  the  region  near  :i-.^  surface-, 
s moke  streamers  from  the  burring  aluminum  aggler.scrar  os  su.i.e.-t  laminar 
flow  t remarkably  so  considering  the  irregular  nature  of  the  surface). 
Aluminum  agglomerates  leave  the  burning  surface  alre  ady  i  v i  n  g ,  in  a 
vide  range  of  sites,  and  move  away  in  the  direction  cf  the  pl\-..  c.-lu-n. 

Tire  density  and  luminosity  of  the  smoke  plume  increases  rapidly  as  the 
material  flows  away  from  the  surface. 

Preliminary  result*  suggest  that  50*1  of  the  aluminum  is  reacted  within 
about  15-cm  of  the  propellant  surface,  with  the  remainder  (large  agcl-m* 
crates)  bc;rning  for  up  to  1  notes-.  Plumes  i  ro~  la‘  .  r.nory  scale  samples 
( 5  -  cm  diameter)  appear  to  experience  rapid  mini:,;  with  er.  t  ra  1  .-.ed  air,  as 
evidenced  by  their  sensitivity  to  amospher:  -  envirour-.er.  t .  All  measurements 
or.  open  plumes  beyond  6  or  7-cn  from  the  surtace  (i.e.,  measurements  of 
temperature,  composition,  agglomerate  sirem  etc.)  ari  pr  e  sui-tah  ly  affected 
by  mixing,  and  the  test  procedure  was  modified  because  of  th.s  thy  conduct¬ 
ing  the  tests  in  tubes).  Mixing  was  apparently  less  rapid  on  the  axis  of 
the  plume  with  12.5-cn  diameter  samples,  simply  because  of  the  larger  radial 
mixing  distances  (hence  the  highly  luminous  upper  plume  with  large  samples; 
Figure  i7a).  None  the  le s s ,  the  mixing  processes  with  the  large  samples  vtre 
sometimes  large  scale,  as  Indicated  by  the  apparent  recirculation  in  the 
plum<  o.undaries  (Figure  )7b>.  It  is  judged  that  the  12.5-cn.  sample  can  be 
used  tor  ti.it.-  n  pl-..-e  effects  cn  immersed  cnjeiis  in  the  r  •'  g ;  on  up  to  :0-c 
from,  the  propellant  burning  surface  if  the  immersed  objects  are  sm.a  1  . 

(c.g.,  ■-  2.5-cm).  Most  of  the  tests  run  on  1 2 . 5  -  cm.  samples  were  run  m 
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Figure  23.  Detail*  of  propel  1, mi  burnlux  surta^e:  4;  SEM 

of  a  i  ample  quenched  by  impingement  of  freon  Jet, 

protruding  oxidizer  particles;  b)  photograph 
of  a  burning  sample,  shoving  aluminum  agglomerate* 
burning  on  the  surface. 
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stainless  steel  tubes,  and  tubes  ware  uaad  on  almost  all  eeats  on  5*cm 
samples  where  quantitative  measurements  vara  ra port ad. 

The  burning  rata  of  tha  propallanc  could  ba  estimated  from  caat 

duration,  alnca  initial  sample  thickness  was  normally  measured.  Tha  rata 

was  qualitatively  reproducible,  and  averaged  0.127  cm/sac.  The  propellant 

density  was  aaaaurad,  and  was  1.76  g/ca\  Thus  tha  mast  flow  rata  In  the 

2 

afflux  from  a  surface  one  cm  was  0.223  g/aec. 

Assuming  an  equilibrium  composition  of  products  (after  complete 
combustion  of  the  aluminum)  as  indicated  In  Table  1,  and  a  temperature  of 
2990°K,  the  mass  flow  velocity  would  be  28  ca/see  (sea  Section  7  for  details). 
Velocities  in  tha  plume  could  be  estimated  from  the  length  of  streaks  in 
photographs  aade  by  motion  of  images  of  agglooerates  during  tha  exposure 
time.  Velocities  obtained  in  this  way  varlad  widely,  and  it  was  concluded 
chat  the  most  visible  agglomerates  were  in  the  reduced  velocity,  front  end 
lsteral  boundaries  of  the  combustion  plume  where  obscuration  by  smoke  wss 
minimal.  Tha  higher  observed  velocities  wera  around  15  a/sac.  For  this 
velocity  and  the  plume  height  of  about  1  meter  seen  for  12.5-cm  diameter 
samples,  the  largest  agglooerates  oust  hsve  burned  about  0.07  second. 

In  eunaary ,  the  qualitative  properties  of  the  ccmbuition  plume  as 
estimated  above  arc  collected  in  Table  3, 
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Tabic  3.  Estimates  of  Reaction  Zone  Characteristics  Obtained 
from  Screening  Studies  (Augmented  by  Use  of  Results 
of  Chemical  Equilibrium  Calculations ) . 


Propellant  burning  race  (measured) 


0.127  ca/ertc 


Propellant  density  (measured) 


1.76  g/ca 


3 


Propellant  msss  burning  rate  (e  r)  0.233  g/sac/ca3 

P 

Combustion  tone  thickness,  (Figure  1);  1.0  a 

(Region  A,  observed  values) 


Burning  time  of  large  agglocaeratcs 

Tempereture  efter  burning  gf  A1  le 
complete  (from  Table  1) 

it 

Cca  density  in  the  combustion  cone 

Mass  cf  Al.,0  per  unit  volume  in  the 
product ‘floe** 

Flow  velocity 


0.07  «ec 
2990°K 

-A  3 

0 . i 8  x  10  g/ cm 
0.31  x  lo’4  g/cm3 

15-30  a/sec 


*  Saved  on  chemical  equilibrium  date  actually  applicable 
to  region  of  complete  reaction,  Region  B  of  Figure  1. 

Based  on  several  methods  of  determination . 
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4  HEAT  TRANSFER 


4.1  Introduction 

The  primary  efface  of  Che  fire  environment  on  ltameriiad  object#  le 
temperature  rlae.  Accordingly,  heet  transfer  la  che  phyalcel  proceaa  of 
primary  concern  (if  che  lameraad  object  la  choaen  to  be  reasonably  reala* 
cant  Co  chemical  attack).  The  praaenc  project  wee  concerned  with  character* 
1  cation  of  the  fire  environment  reaponeibla  for  the  heat  transfer.  However, 
the  ultimate  application  of  concern  waa  heat  transfer,  and  soon  considera¬ 
tion  of  it  waa  necessary  to  assure  proper  emphasis  In  the  fire  environment 
* 

Investigation.  Indeed,  heat  transfer  measurements  were  undertaken  from  the 
outsat  of  the  project,  measurements  In  che  form  of  immersion  calorimeter 
probes. 

It  should  be  stressed  that  heat  transfer  in  the  fire  environment  la 
a  very  complex  process,  primarily  because  of  the  (unchsrscter iced)  evo- 
pnsss  nature  of  che  medium,  and  the  reactive  and  reacting  conditions  In 
the  coabuatior.  tons.  That  le  precisely  why  the  first  effort,  the  effort 
chosen  for  this  project,  wee  to  characterize  the  medium.  The  second  phase 
problea  of  heat  transfer  Is  discussed  at  this  point  In  the  report  prlnmnly 
to  explain  some  qualitative  findings  about  it  and  how  they  affect  the 
allocation  of  affort  in  the  study  of  the  fire  environment. 

4 . 2  Heat  Balance  for  an  Issaersed  Object  In  a  Caa  Flow 

When  an  object  la  immersed  in  a  gas  flow,  a  flow  field  is  established 
around  the  object,  fron  which  heat  of  the  gag  is  transferred  to  tha  object. 
Depending  on  che  shape  and  site  of  the  object,  heat  is  transferred  at 
different  rates  at  different  locations  on  the  surface,  and  a  transient 
temperature  field  develops  In  the  object  while  it  Is  heating  up.  If  the 
propellant  yielded  only  gaseous  combustion  products  (and  the  Immersed 
object  were  geometrically  simple  and  located  outside  the  combustion  zone), 


*  A  further  objective  was  to  establish  a  modest  sits  experiment  in  which 
exploratory  tests  could  bo  mads  on  various  test  objects  without 
excessive  cost  of  tests. 
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chan  the  heat-up  of  th*  inserted  object  could  be  calculated  by  any  of 
•avaral  exiating  computer  program*,  Characterization  of  tha  fire  environ¬ 
ment  would  consist  of  determination  of  propellant  flame  tetaperature ,  den* 
elty  and  burning  rate;  of  produce  molecular  weight,  density,  velocity, 
heat  capacity,  thermal  conductivity,  and  vlscoalty.  All  of  these  quanti¬ 
ties  can  be  determined  with  sufficient  accuracy  from  known  propellant 
characteristics  and  result*  of  chemical  equilibrium  computer  programs. 

The  heat  transfer  argument  la  simplified  further  If  the  Immersed  ob¬ 
ject  is  small  and  is  a  good  heat  conductor,  becaust  It  can  ba  assumed  to 
be  et  uniform  temperature.  Thle  condition  can  ba  approximated  If  the 
Immersed  object  1*  e  temperature  probe,  designed  to  conform  to  e  simple 
representation  of  the  heat  transfer  problem.  In  that  case,  heat  transfer 


can  b*  daacrlbed  by  a  hast  balance  equation 


H  (T  -  T  ) 

g  g  P 


H  T 

r  t 


H  T 
if  P 


H  (T 
o  p 


Heat  in  Heat  In  Heat  Heat  our  Heat  out 

by  by  » cored  by  through 

convection  radiation  radiation  proba  support 


whara  T  ,  T  ,  end  T  are  the  taapereturei  of  the  gas,  Immersed  proba, 

g  p  o 

and  ambient  environment  reipec Lively;  H  ,  H  ,  end  H  are  bulk  heat 

r  g  r  o 

transfer  coefficients  (that  depend  on  the  detailed  flow  field  end  gaa 

properties'!  for  hast  In  from  th*  flow  flald,  hast  radiation  and  heat  out 

through  th*  probe  support :  le  tha  bulk  haat  capacity  of  th#  calorimeter 

part  of  the  probe.  For  a  specific  flow  situation  and  a  specific  probe, 

this  equation  can  relate  the  gaa  temperature  to  the  object  temperature  if 

the  coefficient*  are  known.  Th#  coefficient*  can  b*  determined  by  running 

a  taat  in  a  known  gas  flow  field,  measuring  T  v*  time,  and  determining 

P 

the  beet  combination  of  the  parameter*  for  fitting  Equation  (1)  to  tha 
observed  T  (C>.  Than  when  T  is  not  known,  but  is  believed  to  be  constant, 
tha  aan*  calculation  can  be  made  to  determine  as  well.  In  Section  U.u, 

Equation  (1)  la  used  to  Interpret  probe  temperature  measurements  made  in 
the  fire  environment  of  cTP  3001.  The  result#  are  wholly  unsatisfactory 
unless  on*  considers  th*  two  phase  nature  of  the  fire  environment.  The 


complications  of  che  condensed  phase  products  are  discussed  next. 

4.3  Comp Lications  Due  Co  Condensed  Phase  Reaction  Products 

As  noted  In  Table  1,  the  condensed  phase  material  In  the  coB.Vustion 
zone  of  UTP  3001  propoilant  consists  of  about  13%  aluminum  near  the  pro¬ 
pellant,  wr.ich  changes  to  about  28%  aluminum  oxide  In  the  final  reaction 
products.  As  was  seen  in  Figure  lb,  condensed  phase  material  impinges 
directly  on  iccnereed  objects  in  the  flow,  which  was  observed  to  cause 
cumulative  build-up  of  material.  This  It  demonstrated  by  Figure  2-* ,  which 
shows  a  refrasil  rod  placed  longitudinally  in  che  plume  with  the  end  loca¬ 
ted  '  cn  from  the  propellant  burning  surface.  Accumulation  of  deposit  on 
the  end  of  the  rod  over  a  15  second  interval  is  conspicuous.  The  brighc- 
ru  »s  cf  this  accumu latcd  material  suggests  that  it  is  very  hot,  and  post- 
test  examination  indicates  that  substantial  aluminum  it  present.  Thus  it 
seems  likely  chat  the  depositing  material  not  only  deposits  heat,  out  the 
aluminum  continues  to  add  heat  by  oxidation. 

from  the  foregoing  it  is  evident  that  the  process  of  heat  transfer 
involves  not  only  convection  from  the  gas  flow,  but  also  direct  deposition 
with  impinging  c.>ndcnsed  phase  material,  along  with  heat  release  by  this 
material  through  chemical  reaction.  Further,  the  accumulating  material 
changes  the  heat  transfer  characteristics  into  the  solid,  in  n  time- 
dependent  vay  due  to  deposit  accumulation.  Those  effects  pose  a  heat 
transfer  pr-voiom  for  the  future.  For  the  present,  effort  is  concentrated 
primarily  .•  characterizing  those  properties  of  the  fire  environment  that 
determine  these  heat  transfer  effects.  As  far  as  the  condensed  phaae 
r.iterial  is  concerned,  it  esn  be  assumed  that  the  cricical  considerations 
arc  the  rc’.-.rive  amounts  of  aluminum  and  aluminum  oxide,  and  the  droplet 
sire  distributions  and  temperature* ,  subjects  of  Sections  5  and  £.  through 
In  the  meantime,  attention  is  turned  next  to  tha  actual  heat  transfer,  and 
an  esri-uu-.'  of  the  role  of  the  condensed  phase. 

4.4  Calorimeter  Measurements 

After  relatively  uninformat  ivc  a  s  u  r  enc  r.  t  s  vlth  bore  thermocouples 

in  the  plume  (Appendix  I)  > ,  primary  effort  was  devoted  to  design  and  use  cf 
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a  probe  consisting  of  a  thermocouple-equipped  copper  Clp  and  a  thank  con* 
sc rue Led  from  coaxial  alaevaa  of  ceramic,  inconel,  and  stainless  steel 
(Figure  25).  Figure  26  shows  typical  temperature- tloa  curves  for  the  probe, 
recorded  In  teats  at  different  heights  in  open  plumes  from  5-cm  samples. 
From  one  such  temperature* time  curve  (combined  with  similar  ones  from 
casts  In  a  clean  flame  of  known  temperature) ,  a  local  effective  plume 
temperature  can  be  calculated  (Appendix  0).  Figure  27  and  Table  4  show  the 
temperatures  calculated  from  three  tests  at  different  distances  from  the 

Table  4.  Calculated  Temperatures,  °K;  Bated  on  Immersion 
Probe  Hcat*up  and  Equation  (1)  --  Assuming  So 
Heat  Transfer  by  Impingement  of  Condensed 
Material. 


Time  >. 

lncerval  N. 
During  > 

Heat-up  (sec) 

Distance  from 
v  Burning 
'v  Surface 

7.62  cm 
(3  in.) 

15.2  cm 
(6  in. ) 

22.9  cm 
(9  In. ) 

10 

12  800 

11  280 

60  50 

11 

13  770 

12  240 

6060 

12 

U  860 

13  170 

6003 

13 

15  540 

13  520 

5970 

burning  surface.  The  multiple  points  at  each  distance  correspond  to 
different  times  during  the  bum. 

The  most  notable  features  of  the  measurement!  are  the  very  high 
Indicated  temperatures,  end  the  trend  to  lower  temperatures  at  greater 
dlstsnce  from  the  burning  surface.  The  cheaicsl  equilibrium,  calculations 
(Section  2)  Indicate  that  tht  temperature s  should  range  between  about 
2400'K  (near  the  surface  where  very  little  combustion  of  the  aluminum  has 
occurred)  end  3000'K  (where  aluminum  combustion  is  complete).  Since  the 
valuts  in  Table  4  are  calculated  on  the  basis  of  the  assumptions  that  the 
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Sketch  of  calorimeter  iaaerslon  probe 
(Drawn  to  scale.) 


haat  tranafar  1*  described  by  Equation  (ij  and  that  Che  heat  transfer 
coefficient  la  the  seise  as  In  the  calibration  tests  In  a  clean  flame,  the 
Inordinate ly  hi ah  Indicated  temperatures  apparently  rot lect  heat  transfer 
bv  daposlt Ion  and  reaction  of  condensed  material  cn  the  probe,  which  it 
not  accounted  for  in  Equation  (l).  While  this  is  a  critically  important 
result.  It  alao  emphasises  that  thera  are  serious  troubles  with  any 
conventional  heat  transfer  coefficient-free  scream  temperature  concept  in 
characterising  heating  of  objects  ionersed  in  the  flow. 

Referring  to  the  trend  of  calculated  temperature  with  distance  from 

‘f 

the  burning  surface,  the  decreasing  indicated  temperatures  suggest  that 
air  admixture  has  appreciably  ceded  the  plume  at  21  cm  from  the  burning 
surface.  An  alternate  interpretation  is  chat  the  nature  or  temperature  of 
condensed  material  evolves  In  such  a  way  as  to  reduce  deposition-reaction 
heating  further  from  the  burning  surface.  Direct  observation  of  the  probes 
after  tests  indicated  less  deposit,  mostly  oxide,  on  probes  when  they  were 
heated  ac  the  23-co  station.  When  the  probe  was  near  the  prooellant  sur¬ 
face,  it  exhibited  extensive  metallic  deposit  after  the  ceat.  Thus  one 
Bight  Infer  that  the  indicated  tenjperature  drop-off  with  olstence  from 
the  propellant  surface  was  because  of  an  actual  plume  temperature  drop-off 
(sir  admixture),  bur  also  because  the  heat  transfer  ^ue  to  deposition- 
reaction  decreases.  The  trend  with  time  during  individual  tests  Is  prob¬ 
ably  due  to  time  dependence  or  retention  and  reaction  of  condensate,  and 
corresponding  time  dependence  of  the  heat  transfer  Into  the  deposit -coated 
probe  (see  Appendix  D).  The  trend  of  the  Indicated  temperature  towards 
expected  flame  equilibrium  values  at  greater  distance  from  the  propellont 
surface  Is  consistent  with  the  observed  decrease  in  deposition,  as  It  the 
relatively  tlrae-lndependsnt  temperature  there. 

•4.5  Water-CooLed  Probe 

The  procedure  for  interpreting  the  tec^erature-tlac  curve  from  the 
original  Immersion  probe  involved  i  calibration  in  a  clean  flame  betore 
and  after  a  test  in  the  propellant  fire  (Appendix  D),  this  procedure  being 
motivated  by  the  realization  that  the  heat  transfer  coefficient  must 
change  as  s  function  of  time  due  to  accumulation  of  deposited  material. 
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Since  such  deposition  it  e  fundamental  atpect  of  the  effect  of  the  fire 
environment,  tome  consideration  was  given  to  a  probe  concept  that  would 
more  clearly  show  the  effect  of  accumulation  of  deposits.  For  this  pur¬ 
pose,  preliminary  tests  were  run  on  a  probe  consisting  of  a  stainless 
steel  tube  with  a  outside  diameter  of  0.63-cm  and  an  inside  diameter  of 
0.32-cm,  extending  through  the  plume,  and  cooled  by  a  constant  water  flow 
rete.  The  lncreaee  in  water  temperature  ie  a  measure  of  heat  tranefar 
rate  to  the  tube.  With  a  water  flow  rate  sufficient  to  give  e  temperature 
rise  of  30SC,  the  water  temperaturd  came  to  equilibrium  in  less  than  2 
seconds.  This  rssult  indicated  that  the  probe  could  be  uaed  to  monitor 
the  change  in  heat  tranefar  coefficient  aa  propoeed.  Further  development 
at  thia  concept  hold*  promise. 

4.6  Suttnary  of  Heat  Transfer  Measurement* 

The  results  of  these  experiments  establish  the  importance  of  con¬ 
densed  phase  material  in  the  fire  onvironraent  as  a  oiajor  factor  in  heat 
transfer.  The  results  indicate  a  complex  impingement  of  the  droplets  on 
the  exposed  object,  with  appreciable  accumulation,  and  apparently  vary 
extensive  heat  deposition  (References  9  and  10).  Further,  the  deposited 
aluminum  probably  oxidises,  delivering  still  more  heat  to  the  exposed 
object.  While  no  measurements  were  made  to  demonstrate  the  relative 
importance  of  fine  and  coarse  droplets  of  condensate,  fundamental  considera¬ 
tions  dictate  that  the  coarser  droplets  will  be  mere  likely  to  impinge  on 
inaersei  objects.  These  results  dictate  that  more  basic  information  must  be 
obtained  on  droplet  size  distribution  and  deposition-retention  characteristics 
versus  immersed  object  size,  material,  shape,  and  duration  of  exposure. 

In  the  present  investigations,  particular  attention  was  given  to  the  size  of 
the  droplets,  as  discussed  in  Sections  6  through  11. 

9,  Shchubin,  V.K.,  A. I.  Mironov,  V.A.  Filin  and  S.N.  Koval 'nogov,  "Intensity 
of  Heat  Transfer  Between  Two-Phase  Flew  and  Nozzle  Walls  as  Function  of 
Particle  Motion  Parameters,''  Izvestlva  VJZ,  Aviationnava  Tekhnlka. 

Vol.  19,  No.  I,  pp.  109-114,  1976. 

10.  Kuznetsov,  V.A.,  and  O.E,  Kashlreninov,  "Specialties  of  Thermocouple 
Measurements  of  Temperature  Into  the  Flame  at  the  Condensed  Product 
Formation,"  presented  at  the  AIAA  Aerospace  Sciences  Meeting,  Jan.  1976. 
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5  TEMPERA TV RI 
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5.1  Introduction 

In  Section  4,  It  wet  oephasised  that  the  ’teat  transfer  could  not  be 
characterised  In  a  simp'*  way  as  a  function  of  tewpcritcie  In  the  fire 
environment,  because  of  the  complex  wav  in  which  heat  la  transferred  from 
the  tvo-phasc  flow  end  dependence  on  lta  microscopic  details.  It  was  not 
meant  co  imply  that  esmperature  vas  lll-de£tned  (although  there  are  problems), 
or  that  the  concept  la  not  utaful.  Rather,  It  was  want  to  acate  that  the 
medium  la  not  microscopically  uniform,  and  la  thermally  nonuniform  f n  the 
same  May  as  1*.  Is  physically  and  chemically  nonunlform.  Specifically,  the 
temperature  Is  very  high  in  the  flame  envelope  around  the  aluminum  droplet, 
lower  In  the.  gas-smoke  field,  and  still  lower  in  Che  aluminum  droplets. 

The  purpose  of  this  5ectlon  Is  to  describe  what  we  Know  about  these 
temperatures. 

5.2  The  Temperature  Zones 

The  extended  region  of  the  combustion  rone  of  the  propellant  in  which 
the  aluminum  droplets  bum  is  a  region  where  chemical  heat  release  continues 
locally  around  the  aluminum  droplets  and  flows  to  ..he  surrounding  media; 
with  corresponding  temperature  gradients.  The  most  intense  heat  release  is 
in  a  high  temperature  tone  which  is  a  detached  flame  envelope  arouno  ’jach 
aluminum  droplet  tRefercnces  11  and  1Z) .  In  this  flame  envelope,  the  roost 
energecic  step  is  the  formation  of  A 1 2^3  in  lorn,  prltrarliy  on  the 

surface  of  existing  amoke  droplets  in  that  envelope.  It  is  the  resulting 
energy  of  that  reaction,  and  the  corresponding  high  temperature  of  these 
smoke  droplets,  that  makes  Che  combustion  so  luminous,  Indeed,  these 
droplets  are  near  their  boiling  temperature  (Reference  11),  and  it  is  partly 

11.  Christensen,  H.C.,  R.  H.  X.ilpe,  and  A.  S.  Cordon,  "Survey  cf  Aluminum 
Particle  Combustion,"  Pyrcdynamjcs  .  Vel.  3,  published  by  Cordon  and 
Breach,  1965,  pp.  91-119. 

12.  Friedman,  R,,  and  A.  ttacok,  "Combustion  Studies  cf  Single  A l  tun  1  nun 
Particles,"  from  Ninth  Svnpcsltgn  (International)  on  Combustion. 

Academic  Press,  1961,  p.  709. 
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because  of  the  radiative  disposal  of  energy  thee  Che  race  of  formation  of 

★ 

liquid  AljO^  can  exceed  che  rate  of  ice  vaporization  (dlaaociacion) .  Ar 
one  acaoaphere  thia  prccaaa  aaintalna  che  Ai^  temperature  at  about  3800°K 
(Figure  28).  The  region  Involved  la  an  envelope  aurroundlng  oil  of  the 
burning  agglomerate,  except  chat  portion  covered  by  an  oxide  lobe  (that 
portion  of  che  envelope  la  deficient  in  fuel  epeclar  (Al,  A10,  etc.)). 

In  a  convective  environment  che  flame  envelope  may  be  dravn  out  by  con* 
vectlon  of  Al  and  lower  oxide*  into  a  tail  aa  in  Figure  29.  Xt  will  be 
noted  In  the  figure  that  the  luminoalty  of  the  convective  tall  quickly 
decreaeee  in  che  bulk  gaaeoua  environment,  reflecting  rapid  equilibration 
with  the  lower  temperature  of  that  bulk  environment  when  the  supply  cf 
Al^Oj'forming  reactance  i i  depleted.  From  a  practical  viewpoint,  it  ahould 
be  ecreeeed  chat  che  hiah  temperature  tone  arcund  the  burning  agglomerates , 
while  the  source  of  e  large  pert  of  the  radiant  energy  and  heat,  contain# 
very  little  aaae,  and  only  small  droplets  that  aay  not  deposit  extensively 
on  objects  in  the  flow. 

Inside  the  flame  en- elope,  the  al  iminu*  droplet  constitutes  a  second 
zone,  which  la  necaaaarlly  at  a  temperature  below  che  aluminum  boiling 
point  (~2740'g)  and  above  the  Al,0^  melting  point  (2318CK).  The  reason 
la  that  the  flame  cannot  support  the  high  vaporization  rate  of  the  boiling 
point,  while  the  combustion  would  be  arrested  or  drastically  raduced  If 
the  oxide  were  frozen  (because  it  would  encepsulate  the  agglomerate) . 

Thus  one  aay  regard  the  aluminum  droplet  as  a  second  temperature  tone  in 
the  aluminum  combustion  which  contains  subatantlal  mass,  at  a  temperature 
of  about  2500  K,  in  a  droplet  form  that  impinges  raadily  on  Immersed 
object*.  Further,  the  impinging  material  will  almost  surely  react  exother- 
mally  on  the  lomrraed  object  if  retained.  These  affects  would  be  major 
when  the  test  object  is  near  the  propellant  burning  surface  vher*  the 
allumlnum  concentration  is  high. 


Al^Oj  dlasociatea  instead  cf  boiling,  and  the  high  energy  of  forma¬ 
tion  can  be  realized  only  if  heat  la  being  removed  to  keep  che 
temperature  down. 
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Feature*  of  th#  burning  alvminua  droplet,  and  Its  assoctn'ed 
tcapsraturo  lonea  for  a  typical  «olld  propallar.t  coobuatiou 


The  third  te B)«r«tur«  tone  of  the  aluminum  combustion  It  all  that 
voluas  outside  the  droplet  flame  envelope,  vhara  cha  temperature  la  some¬ 
thin,!  Ilka  a  flaw  temperature  of  tha  propellant  (with  due  regard  for  the 
percent  aluminum  consumed  at  tha  particular  location).  The  temperature 
range*  from  2350'K  near  the  propellant  surface,  to  3000CK  further  out 
where  the  aluminum  1*  1001  contused  (aa  ahovn  In  Figure  6  and  daacribed 
In  Section  2.2),  vlth  the  temperature  riae  being  due  to  heat  flow  from 
tha  first  temperature  tone  (aluminum  coabuatlon  tone)  described  above. 

From  tha  foregoing,  It  can  be  concluded  chat  moat  of  the  volume  of 
tha  flra  environment  conflate  of  the  following  material  at  the  indicated 
temperature*  (attuning  no  air  admixture): 

1.  The  bulk  of  the  volume  (gas,  evoke,  and  realdual  oxide 
dropleta)  le  at  teaaparaturae  ranging  from  2350CK  to  30C0cK. 

Only  tha  residual  oxide  droplets  are  large  enough  for  Impinge¬ 
ment  . 

2.  The  unreected  aluminum  In  burning  droplets  la  et  about 
2500'K.  Droplet*  arc  Urge  enough  fur  Impingement. 

3.  The  flame  envelope  around  tha  Aluminum  droplet,  containing 

a  vary  email  meet  of  very  hot  gaeee  and  Al.,0^  smoke  droplets, 
le  at  about  3800'K.  It  la  highly  vie! bla  because  of  high 
temperature. 

>.3  Spatial  Distribution  of  Temperature 

The  experimental  methods  of  thle  Investigation  have  -ot  yet  established 
the  temperature  distribution  unequivocally,  and  from  the  discussion  In 
Sections  3.2,  6,  end  9,  It  is  clear  that  to  do  so  could  be  prohibitively 
difficult  because  of  the  nonuni (oral ly  on  a  microscopic  scale  due  to 
pretence  of  burning  metal  droplets.  However,  In  this  context  It  le  worth 
recapitulating  tha  concepts  of  tha  microscopic  temperature  tone*  of  Section 
5.2,  In  the  context  of  the  general  Regions  of  the  piume  shown  in  Figure  1. 

Hear  the  piopellent  burning  surface  (lower  Region  A)  there  la  a 
heavy  flew  of  burning  aluminum  ( temperature  tone  2,  droplet  temperature 
about  2500‘K);  with  e  correspondingly  large  Heme  envelope  radiation  (tone 
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1,  ts*^>eracure  About  3800eK>;  And  with  a  correspondingly  1«  smoke  dtnAlty 
In  th«  r«At  of  the  volume  (ton«  3,  temperature  2400  to  2S00sK).  Aa  the 
material  flows  further  from  cha  aurfaca  (outar  Region  A),  the  aluminum 
droplata  (sona  2)  decrease  In  else  and  total  mass  while  remaining  at  about 
2500aK;  the  total  volume  and  radiation  of  the  flame  envelope*  (tone  1, 
temperature  3800°K)  decrease*;  the  population  of  both  smoke  and  residual 
oxide  droplets  Increases  in  tone  3,  and  the  temperature  rises  towards 
3000°K  if  air  admixture  does  not  intervene  unduly;  beyond  about  1  mater 
(Region  B),  the  aluminum  droplets  (tone  2)  and  their  flame  envelopes 
(tone  1)  disappear,  leaving  only  a  homogeneous  flow  of  gat,  oxide  smoke, 
and  residual  oxide  droplets  at  abouc  3000CK  at  described  in  Section  2. 

The  regions  of  air  admixture  (Regions  C  and  D  of  Figure  1)  are  less 
veil  characterized,  although  the  qualitative  trends  with  air  admixture 
are  discussed  in  Section  2.4  and  in  Appendix  A.  The  seme  microscopic 
detai Is  occur  as  in  Regi  on*  A  and  B,  with  the  amount  of  burning  aluminum 
decreasing  with  distance  away  from  the  p luma  axis  and  the  burning  aur  e. 
In  vivw  of  the  uncertain  redial  component  of  aluminum  motion  end  the 
presence  of  vortex  flow,  it  will  be  difficult  to  characterize  thle  air 
admixture  region.  Since  the  behavior  la  lees  important  in  full-scale  fire 
v.'cnta,  and  zinc*  it  is  feasible  to  suppress  its  unwanted  effect  with  a 
conbusrion  tub*  in  .aboracory  tests,  no  further  study  of  the  teng>erature 
in  the  air  tJmlxturr  region  was  made. 

5.4  Temperature  Measurement 

This  subject  hae  been  touchod  on  in  the  preceding  Sections,  and  le 
discussed  in  References  13  to  17.  It  has  been  noted  that  the  temperature 


13.  Dodge,  L.  C.,  "Optical  Absorption  and  Emission  Measurements  in  Flame* 
in  Experimental  Diagnostics  in  Cat  Phase  Combustion  Systems,  Vol.  53 
of  Progress  in  Aeronautics  ind  Astronautics.  AIM.  1977,  p.  155-175. 

14.  Tourln,  R.  H.,  Spectroscopic  Gas  Temperature  Measurement,  Elsevier 
Publishing  Co.,  1966. 

13.  Gaydon ,  A.  G.,  The  Spectroscopy  of  Flame*.  Chapman  and  Hall,  1974. 


la  nonunifor®  on  both  microscopic  and  macroscopic  scales.  In  Section 
5.3  some  limiting  arguments  regarding  temperature  were  used  to  estimate 
the  sU.croscoplc  temperature  distributions  (temperature  cones)  and  the 
macroscopic  temperature  distribution  (plume  regions,  Figure  1).  It  has 
been  noted  chat  ianersion  type  temperature  detectors  tend  to  respond  to 
the  condensed  phase  in  the  flow  in  a  complex  way  that  defiaa  interpre¬ 
tation  in  terms  of  any  characcarlstlc  temparatura.  Under  thase  conditions, 
recourse  can  be  taken  to  optical  methods . 

The  optical  methode  are  usually  based  on  one  of  three  techniques, 
which  possess  some  capability  of  sped* licacton  of  specific  temperature 
zones,  as  follows: 

1.  Resonance  absorption  (line  reversal):  This  method  uses 
observation  of  transaittad  monochromatic  light  having  the  wave- 
length  of  s  particular  excited  specie  In  the  flame  gas  (usually 
sodium!.  By  adjusting  the  source  light  so  that  lte  brightness 
is  neither  enhanced  or  reduced  relative  to  adjoining  wave¬ 
lengths  when  passed  through  the  plume.  It  is  known  that  the 
temperature  of  plume  gea  is  the  same  as  that  of  che  light  source 
(which  is  calibrated).  This  method  would  be  useful  for  detarm- 
lng  temperatures  In  temperature  zone  3,  but  the  smoke  nay  be  too 
danse  for  this  method  in  Its  brightsst  region. 

2.  Spectral  line  intensity:  This  method  Involves  compari¬ 
son  of  brightness  of  certain  spectral  lines,  and  comparison  wlch 
tabulated  relations  of  spectral  line  brightness  and  temperature. 

This  method  might  provide  means  to  asasure  temperatures  in  zones 


16.  Raaf,  1.,  V.  A.  Farsel  and  R.  N.  Knlaeley,  "Spectroscopic  Flame 
Temperature  Measurements  and  Their  Physical  Significance," 
Spectrocheolca  Acts.  Vol.  26B,  March  1973,  Vol.  29B,  March  1976, 

VoL.  30B,  May  1973  (3  parts). 

17.  Millikan,  R.  C.,  "Measurement  of  Particle  end  Css  Temperature  in  a 
Slightly  Luminous  Premised  Flame,"  Journal  of  the  Optical  Society  of 
America .  Vol.  51,  May  1961. 


1  end  3  (son*  1,  using  spectral  Unas  of  lower  oxides  of 
aluminum,  present  primarily  In  the  flame  envelope). 

3.  Fartlcle  radiation:  This  method  involves  comparison 
of  brightness  of  the  smoke  cloud  with  that  of  a  calibrated 
tungsten  filament  lamp.  This  method  Is  discussed  further  In 
Section  6.  From  the  description  of  the  temperature  tones  of 
the  aluminum  combustion,  It  Is  evident  that  most  of  the  smoke 
is  In  sons  #3,  l.e.,  the  same  temperature  es  the  gee.  In 
Region  B  of  the  plume,  where  combustion  Is  complete,  this  Is  the 
temperature  of  everything  present,  and  would  ba  tha  same  aa 
that  given  by  chemical  equilibrium  calculations  (Figure  7)  If 
there  were  no  heet  loes  or  inaccuracy  in  aechoda.  In  Raglon  A 
of  tha  plume,  the  meaning  of  tharmal  radiation  measuramanta 
Is  complicated  by  uncertainty  of  amoks  emlsslvlty  and  plume 
density,  end  presence  of  radiation  of  a  different  temperature 
coming  from  temperature  zone  1  of  the  aluminum  combustion 
(see  Section  3.3). 

From  the  foregoing  it  is  evident  that  no  definitive  optical  pro* 
cedure  for  tsaperature  measurement  was  found  entirely  suitable,  nor  is 
one  likely  to  emerge  in  the  near  future  because  of  the  microscopic! lly 
nonuniform  natvirs  of  the  medium  and  of  its  temperature.  This  is  dis¬ 
cussed  further  in  Section  6, 

5.5  Statue  of  Temperature  Information  end  Measurement 

While  definitive  teeperaturs  determination  by  direct  meesurements 
is  still  a  remote  prospect,  the  various  sources  of  information  permit  a 
fairly  complete  description  of  the  temperature  field.  The  information 
end  mechanistic  arguments  available  from  Sections  2,  4,  3,  and  6  are 
collected  hare  to  suoMrlsa  tha  temperature  field  end  the  basis  for  the 
temperature  information. 

3.3.1  ImaadlateW  eooue  the  props  Hint  surface,  where  aluminum  is  Isrgely 
unbumcd,  the  thermochemics  1  equilibrium  calculations  are  probsbly  che 
bsst  means  of  determining  temperature,  and  indicate  a  tsaperature  of 
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•bout  2350°K.  Ths  aluminum  droplet*  would  be  it  ebout  the  tame  temperature, 
with  fleiw  envelope*  ec  ebout  3300°K.  Beceus*  of  low  emok*  density,  line 
reversal  method*  would  probably  be  useful  to  confirm  the  temperature  of 
2350°K. 


5.5.2  Proceeding  outwerd  in  Region  A.  the  bulk  temperature  increase* 
rapidly  for  roughly  20  to  30-cm  because  of  heat  release  from  aluminum 
combustion,  with  the  trapsrature  of  the  (shrinking)  aluminum  droplet* 
remaining  around  2500°K  and  the  flame  envelops*  of  the  droplets  running 
around  3800°K.  The  Increasing  amount  of  Al^Oj  1*  mostly  at  the  bulk 
temperature,  except  for  the  oxide  on  the  burning  agglomerate* ,  which  is 
at  the  droplet  temperature  of  ebout  2500*K.  These  temperature*  are  basad 
on  thermodynamic  arguments  and  constraints  Imposed  by  combustion  dynamics. 
Measurements  era  rsported  In  Section  6  bsssd  on  measurement  of  thermal 
radiation,  which  support  the  above  temperature  estimates  (particularly 

the  bulk  testers ture ) .  The  temperature  of  the  flame  envelope  could 
probably  be  determined  by  th*  spectral  line  method,  end  such  measurements 
would  probably  help  to  evaluate  the  thermal  radiation  measurements  of 
Section  6.  Such  measurement*  have  been  made  in  simple  aluminum  combustion 
situations  (Reference  18),  and  support  of  flan#  envelope  temperature  3800*K 
given  below. 

5.5.3  At  the  outer  limit  of  Region  A  and  In  Resign  B.  th#  aluminum  Is 
all  burned  end  the  temperature  becomes  microscopically  uniform.  In  s 
large  propellent  sample  where  heat  loss  to  the  surrounding*  Is  minimal, 
the  thermochsmlca 1  equilibrium  calculations  are  relatively  accurate,  end 
predict  3000  K .  Measurement  by  the  thermal  radiation  method  (Section  6) 
on  laboratory  site  sauries  yield*  somewhat  lower  temperatures,  although 
th*  Masurestents  war*  not  made  far  enough  out  from  the  burning  surface  to 
avoid  th*  difficulties  of  concurrent  radiation  fron  hotter  flans  envelopes 
ifurther  measurement  by  thl*  method  eeem*  desirable).  Other  optical 
methods  of  measurement  #tj  <t  particularly  promising  In  this  region  because 


18,  Mitchell,  A.  C.  C.,  end  M.  W.  Zamansky,  Resonance  Radiation  and  Excited 
Atoms .  Cambridge  Inlverilty  Press,  London,  1971, 
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of  the  amok*  dnsslty,  while  uncart* traits  in  tht  took*  particle  size 
distribution  (Saction*  8  through  111  complicate  avan  the  thttmtl  radia¬ 
tion  wit hod  (Saction  6  and  Appendix  £>. 

5.5.4  Temperatures  in  tha  air  admixture  Regions  (C  and  D)  ware  not 
measured  (because  of  Halted  interest)  beyond  the  preliminary  estimates 
Implicit  in  thermochealcal  calculations  (Figure  7 ) „  the  photographs  of 
plume  spreading  (Section  3),  and  the  calculations  of  ch*  mixing  region 
(Appendix  A).  These  Inputs  indlcacs  that  temperature  change  In  the  redial 
direction  due  to  air  admixture  ie  gradual  if  air  admixture  does  not  Involve 
breakdown  of  the  plume  because  reaction  with  air  Initially  counteracts 
cooling  by  tha  air  (r.o  temperature  rise  l.«  indicated).  In  the  current 
teats  on  laboratory  scale  samples,  the  complicating  plume  breakdown  was 
so  rspld  that  air  was  excluded  by  usa  of  a  combustion  tube.  In  larger 
samples  (e.g,t  0.3  meter  or  so)  the  air  admixture  region  is  not  likely  to 
be  important  except  as  a  possible  barrier  to  optical  measurement*  of  the 
propellant  combustion  zone. 


60 


I 


res':  / iva  "able  Copy 


6  RADI,.  TIC  N 


h • I  Introduction 

Radiation  in  the  corcfcu;  ti  >n  environment  is  of  interest  for  two  rea¬ 
sons,  first  because  It  Is  a  t  au  e  of  :nergy  transfer  to  objects  irmersed 
In  the  ftro  environment  ,  and  se  ond  as  t.  means  of  diagnosing  the  state  of 
the  environment.  It  w.is  cx;v  ct  d  that  the  radiation  would  consist  of 
emission  lines  of  excited  sp>  ci  'S  i  n  the  gas  (including  aluminum  flame  en¬ 
velopes',  and  of  thermal  rad.  at  on  f  -ora  the  Al.,0  .  Further,  the  optical 
density  of  the.  fire  environment  due  3  Al.,0  droplets  is  a  factor  in  all 
radiation.  In  the  present  work  a  rather  superficial  examination  of  the 
overall  spectrum  was  made,  a:  d  subsequent  measurements  were  aimed  at  de¬ 
scription  of  the  eniss  vlty  end  temperature  of  the  primary  radiators,  the 
Al,0  smoke  droplets. 

o.2  Spectrum 

The  overall  spec'  run  w. . s  examined  f-  r  open  plumes  v*ith  no  attempt 
towards  spatial  rciolir.lc:;  I:.  v  cwln  :  the  plume.  A  wavelength-scanning 
spectrograph  was  used  :  a  the  ph  ’tog n  'hi c  mode,  with  repeat  tests  In  dif¬ 
ferent  wavelength  intc-vals.  V  .gurc.  30  thows  the  resulting  spectra. 

The  various  families  o'  spectra  .  lines  vcrc  compared  with  lines  tabulated 
for  species  expected  in  the  la*.c,  a:J  lir.es  due  to  chlorine,  AlO,  and 
iron  were  identified,  A  strung  sodium  doublet  was  also  present,  although 
sodium  is  present  in  the  propellant  only  as  an  impurity. 

The  spectrograms  were  a ►so  recorded  by  graphs  of  the  output  of  a 
photomultiplier  unit.  This  t ypu  of  record  shoved  a  great  deal  of  fluctua¬ 
tion  in  brightness  during  the  t.ra*  of  a  wavelength  scan  (about  20  sac), 
with  the  spectral  lines  not  always  rosolvtd  from  the  bright  continuum 
radiation  and  with  nor-’.-or-luss  randan  superimposed  fluctuations  (Figure  31' 
This  observation  indicated  that 

a'  the  continuum  radiation  involved  much  more  energy  than 
the  line  spectra  (Fig-ire  'la' 

b'  the  plume  luminosity  varied  appreciably  with  time  due  to 


unknown  causes  (Figure  31b). 


Because  of  the  dominance  of  the  continuum  radiation,  subsequent  atudiea 
concentrated  on  it.  From  auch  atudiea  one  might  hope  to  determine  the 
emiaaivlty  and  temperature  of  the  bulk  amoke  cloud  end  plume  gaa , 
and  at  lent  probe  the  question  of  whether  the  numerically  email  but 
optically  bright  amoke  droplets  in  the  flame  envelopes  contribute  sppre- 
clably  to  the  radiation  field.  In  the  procesa  It  was  neceeaary  to  con* 
aider  alao  the  random  fluctuations  in  luminosity  noted  In  the  photometer 
records,  a  subject  discussed  in  Section  6.4. 

6.3  Continuum  Radiation 

the  radiation  from  the  bulk  smoke  cloud  might  >'*  expected  to  conform 
to  a  black,  or  gray  body  radiation  law  relating  radiation  Intensity,  wave* 
length  and  temperature,  given  by  Equation  (2): 
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In  Equation  (2),  the  coefficient  contains  a  factor  «  which  is  an 

unknown  effective  eaissivity,  equal  to  one  for  black  bodies  (refer  to 
Appendix  E  for  further  detsiis).  Figure  32  shows  the  relstion  in  Equation 
(2)  for  «  ■  1.  From  the  figure  it  is  evident  thet  sn  intensity  measurement 
sc  any  particular  wavelength  establishes  Che  temperature,  if  the  ralsslvicy 
is  one.  Concurrent  measurements  at  more  chan  one  wavelength  should  then 
give  the  seme  temperature,  ss  only  one  constant  temperature  curve  goes 
through  s  given  intensity-wavelength  point,  and  all  other  Intensity-wave¬ 
length  points  from  that  radiator  temperature  will  be  on  the  same  constant 
tesqieraturc  curve  in  Figure  32. 

However,  concurrent  measurements  were  made  at  three  wavelengths  In 
order  to  deal  with  practical  problems  such  as  the  following: 

a)  Eaisslvlty  is  usually  not  1.0,  is  likely  to  be  in  the 
range  of  0.10-0.80. 

b)  For  droplets  in  the  size  range  of  the  oxide  smoke,  the 


emiaaivity  la  dependant  on  wavelength. 

c)  In  the  praaent  atudy  the  Intenaity  of  the  source 
la  nonuniform. 

Use  of  the  3-color  meaaurementa  to  correct  for  a  and  b  la  dlacuaaed  in 
Appendix  E .  Problem  c  la  dlacuaaed  further  In  the  next  (action,  and 
appeara  to  have  affected  teat  reaulta  considerably. 

Aa  to  the  reaulta  (Appendix  E),  Table  3  auvarlsae  typical  tempera- 
turea  determined  from  the  intenaity  meaaurementa .  An  emlaatvlty  of  about 

Table  3.  Summary  of  Teaperature--Ealaaivlty  Calculations  From 
Intensity  of  Continuum  Radiation  Measurements. 


Wavelength  Temperature  Ealeaivlty 

pair  used  calculated  correaponding 

to  listed 
tempersture 


5050  A  and 

0000  A 

2tK.lT  K 

uOSO  X  and 

6000  k 

3330;K 

4 050  A  and 

5050  A 

37  50*  h* 

0.030 


0.006  to  0.025 

0.001  to  0.000 


0.030  end  e  temperature  of  abour  2800  K  art  indicated  in  the  bails  of 
intensity  measurements  st  6000  end  3050  A.  This  temperature  agrees 
moderately  well  with  calculated  values  (Section  2.3).  However,  the  tem¬ 
peratures  based  on  the  wavelength  combination  4050  and  3050  A  are  higher. 
This  result  may  be  due  to  either  problem  b  or  c  above.  However,  e  correc¬ 
tion  (Appendix  E)  for  problem  b  above,  using  concurrent  intensity  measure¬ 
ment*  at  three  wavelengths  failed  to  rceolvs  the  problem,  suggesting  that 
problem  c,  the  nonuniformity  of  temperature  due  to  the  not  flan*  envelopes 
around  burning  agglomerates,  is  cotap  1  icatlng  interpretation  of  the  measure¬ 
ment*.  Conslderst  ion  is  now  being  given  to  *  vo-temperature  interpretation 
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of  measurement  a  ,  In  the  meantime,  the  temperatures  indicated  by  combina¬ 
tion  of  the  ccasurfr.tn’s  at  bG.'O  and  5030  A  are  in  rcaaonublt  agreement  with 
other  indicator*  ut  bulk  strode  ar.d  gas  temperature ,  onJ  the  higher  Indicated 
tecperituie  calculated  frur:  tne  measurement*  at  the  shorter  wavelengths  of 
i050  and  50 3 C  A  suggest  presence  of  a  higher  temperature  source  in  the  field 
o :  v 1 cv . 

6.3  Observation  of  Optically  lie  let  up,. -re  ovs  Flows 

The  contrast  In  brightness  of  the  bulk  of  the  flow  and  that  of  the 
flaae  envelope  around  the  burning  agglomerates  was  a  complexity  of  the  fire 
environment  that  was  conalatently  difficult  to  observe;  aa  a  reault  It  waa 
considered  lr.  sow.*  detail.  Specifically,  calculations  were  made  of  the 
effect  of  sgglcme rates  passing  in  the  field  of  view  of  the  photometer 
system,  and  a  qualitative  diagnosis,  v.n  made  of  the  reaolution  of  agglomerates 
in  photography  (Appendix  3). 

o (•* * l  Tt  »»j  Aj’piftrA'.cc  c  f  Agglomerates  m  the  Photometer  System 

Tie  ph.oroelectr Ic  monitoring  in  the  plume  waa  accomplished  by  view¬ 
ing  the  plume  through  a  tube  having  or.<  end  opening  lnalde  the  plume.  This 
light  tube  limited  the  field  of  view  seen  by  the  photomultiplier  tube. 

Initially  it  was  assumed  that  the  smoke  w.-uld  be  too  dense  to  tee  many 
a  re  l  oner  a  te  s  (l.e.,  that  only  t  :;•'**«  •:  '.  r  s  e  to  the  light  tub*’  opening  would  be 
visible).  I'r.der  these  condi  t n  j ,  t'-e  iMUic.-.a!  passage  ci  ar.  agglomerate 
through  ;  no  f  i  v  !  J  kf  v'.iw  would  prowoce  a  very  brief  (approximately  0.)5 
mi  1 1 1  second  •  ji.-p  app.ire:  t  :  n. ;  s  ;  t  ••  ,  ah.  ve  a  steady  smoke  background  . 
However,  observ  e;  r,  o:  the  lest  records  shoved  coni  . r, non s.  f  i c :  ua  1 1  or.  i  r. 
intensity,  with  duraii.n  of  fluctuations  bring  essentially  random  (Figure  31b). 

Tie  aoove  result*  Implied  th  jt  the  plume  war.  r.vu.h  !•'*«  uni  form  than 
previously  supposed.  At  this  mint  in  the  program  it  had  beer,  decided 
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(b>  Nonuni  for*  <w>C«k« 
distribution. 


Figure  31.  Hlgh-epeed  picture*  ol  detail*  of  the  plu*e 
--  Neglon  A. 
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nonuniform  cloud  past  the  field  of  view  of  the  light  Cube.  These  reeulct 
explained  the  Intensity  fluctuation*  in  the  photometer  trace*,  but  poaed 
the  problem  (problem  d  of  Section  6.3)  that  the  field  of  view  through  the 
light  tube  we*  deeper  than  supposed  (i.e.,  amok*  was  leaa  dense)  and 
would  thu*  ahw  **or*  agglomerate*  than  supposed.  While  this  result  Is  a 
positive  contribution  to  knowledge  of  the  fire  environment,  the  realisation 
of  lcwmr  smoke  density  and  hlghsr  agglomerate  visibility  serious  complicates 
the  Interpretation  of  radiation  measurements . 

To  sxasine  tha  number  of  agglomerates  to  be  expected  in  the  field  of 
vltv  of  the  light  tube,  calculations  were  made  of  the  number  of  agglomerates 
to  ba  expected  based  or.  che  aluminum  droplet  size  and  aluminum  mate  flow 
from  the  burning  surface  (Appendix  C) .  This  simple  estimate  of  aluminum 
droplet  population  is  summarized  in  Table  6.  From  the  data  shown,  it 

Table  6.  Particle*  in  a  1-cm3  FieLd  of  View  £ot 
a  Photograph  of  Duration  T. 


Tim*  (second) 

1.0 

second 

1/  10 

second 

1  / 100 

second 

1 / 1000 

second 

0.0 

second 

Diameter  (»=) 

100 

<..6x10* 

«.8xl03 

k.SxlG2 

-.6x10 

lb 

200 

6x10"* 

6xl02 

6x10 

6 

2 

300 

1.8bxl03 

1 .86xl02 

l.SbxlO 

1.86 

0.6 

appears  chat  a  field  of  view  from  a  0.5-cm  diameter  light  tube  lnco  a 
plume  1-crs  thick  would  typically  contain  four,  100-wm  agglomerate*  at  any 
moment.  In  other  words,  radiation  from  the  flame  envelope  around  agglomerates 
would  be  visible  in  varying  degree  most  of  the  time  through  the  light  tube. 
This  is  consistent  with  the  conclusion  of  Section  6.3,  i.e.,  that  the 
thermal  radiation  rtflects  two  sources  at  different  temperature*  (tone*  l 
and  3  of  Section  5.2).  Thu*  the  exp* rir.ent s  and  theory  indicate  a 
variation  in  intensity  with  wavelength  corresponding  to  concurrent  con¬ 
tributions  from  a  hot  source  (therrMl  zone  1,  the  flame  envelope  ercund 
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the  bunting  agglomerate) ,  and  an  appreciably  cooler  aource  (thermal  aone  3, 
Che  bulk  gae  smoke).  The  reaulce  also  indicate  a  variation  In  time, 
reflecting  a  photographically  obaervabla  nonuniformity  in  smoke  density, 
and  a  density  lower  chan  expected.  While  no  quantitative  measurements 
were  made,  an  absorption  coefficient  of  approximately  0.1/cm  it  estimated 
from  photograph!. 

6.4.2  Photography  of  Plume  Optics!  Heterogeneity 

One  of  the  first  problems  encountered  in  this  investigation  was  re¬ 
solution  of  the  burning  agglomerates  in  the  oxide  smoke  cloud  (e  classic 
unsolved  problem  in  rocket  motor  combustion  studies).  Figure  10  showed 
how  conspicuous  the  agglomerates  were  when  the  smoke  wee  blown  ewey,  but 
how  inconspicuous  they  were  in  the  smoke  cloud.  This  was  the  reason  tha 
•moke  plume  was  assumed  to  be  optically  dense.  However,  this  conclusion 
was  difficult  to  reconcile  with  other  photographs  that  showed  the  plume 
density  to  be  lw  enough  to  discern  objects  through  e  5-c»  plume. 

Resolution  of  the  contradiction  followed  from  more  detailed  considera¬ 
tion  of  the  exposure  of  the  film  during  a  single  frame.  Considering  e 
poinc  on  the  film  that  is  traversed  by  an  agglomerate  image  during  the  time 
the  camera  shutter  is  open,  that  point  receives  smoke  radiation  during  the 
entire  time  the  shutter  is  open  (Figure  34),  but  receives  the  radiation  from 
the  agglomerate  only  briefly  while  Its  image  traverses  that  point.  Thus, 
even  though  the  agglomerate  flame  envelope  is  much  brighter  Chan  the  smoke, 
its  contribution  to  the  total  exposure  at  s  point  on  the  film  can  be  small 
compared  to  the  smoke  exposuro  (Figure  34).  Hence  within  the  combustion 
plume  the  Image  of  the  agglomerate  is  a  faint  streak,  hardly  distinguish¬ 
able  from  the  aaoke  background,  in  spite  of  the  greater  brightness  of  the 
agglomerate  flame  envelope. 

The  outcoew  of  the  foregoing  considerations  supports  the  repeated 
observation  that  the  flame  envelope  around  the  burning  droplet  is  indeed 
at  high  teisperature ,  in  spite  of  its  low  visibility  in  pictures  of  Region  A 
(Figure  1)  of  the  pluae.  It  also  resolves  che  apparent  contradiction 
betveen  photometric  end  photographic  result*  regarding  absorptivity  of  the 
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(3) 

Long  Exposure 


(2) Short 


Intensity -time  variation  at  a  point  on 
the  film  traversed  by  an  agglomerate  iTtage. 
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Total  exposure  at  points  on  the  film  vith 
different  exposure  times  and/or  passage  or 
nonpassage  of  agglomerate  image. 


Figure  34,  Intensity  versus  time  at  a  point  on  the  photo* 
graphic  fila  during  the  time  the  shutter  is 
open . 
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amok*.  Further,  chit  Interpretation  suggests  that  plcturaa  taken  with  a 
vary  abort  exposure  time  (comparable  co  the  doe  for  a  moving  agglomerate 
to  travel  only  2  or  3  diameters)  would  lead  to  high  contraat  between  the 
hot  aggloaMrata  flame  envelopes  and  the  bulk  amok*.  Thla  waa  verified  by 
taking  photograph*  at  -  3000  frame*  per  second  with  a  high-speed  notion 
picture  camera.  Figure  33a  shows  two  successive  frame*  of  such  a  film, 
in  which  agglomerate  screaks  show  against  tha  smoke  background.  Figure  33b 
shows  a  sequence  in  which  an  lnhomogenalty  in  tha  amoks  cloud  is  also  evident, 
ms  rsfsrrsd  to  in  discussion  of  photoaistar  records. 

6.5  Status 

Tha  radlaMon  field  In  tha  combustion  cons  shows  spectral  lines  of 
several  gaseous  species,  stid  a  higher  Isvol  of  thermal  radiation  from  the 
Al,0j  smoke  cloud.  Measurements  of  the  smoke  cloud  Indicate  s  temperature 
of  about  2800  K,  an  eaisslvlty  of  0.03,  and  an  absorption  coefficient  ol 
about  0,1  cm.  I n ten* l tv-emi ssi vt cy  measurements  are  wave lenth-dependent , 
apparently  due  to  presence  of  that  snail  amount  uf  smoke  that  is  in  tha 
agglomerate  flasks  envelope*,  which  is  much  hotter  thsn  the  bulk  volume. 

Th*  methods  of  the  present  study  could  apparently  be  adapted  to  resolve  the 
smoko  and  f  lane  envelopes,  but  were  not  attested  In  the  work  to  date.  Also, 
It  is  dtilrabl#  to  carry  out  a  oore  systematic  study  of  the  smoks  radiation 
as  s  funcrion  of  location  in  th*  plume,  as  th*  contribution  from  flame  en¬ 
velopes  1«  a  function  of  distance  from  tn*  burning  surface. 

The  results  clarified  the  details  of  spatial  nonuniformity  of  luminosity 
due  to  agglomerate*  snd  nonunlformlty  of  the  smoke  cloud,  and  th*  require¬ 
ments  for  photography  or  photometric  resolution  of  these  nonuniformities. 

While  thess  details  are  not  partlcul  ly  important  to  effect  of  th*  fire 
environment,  they  are  Important  to  a  consistent  and  mechanistically  correct 
Interpret*! lor  of  test  results,  snd  design  of  future  experiments. 

*  Observations  1 i-c»  from  the  burning  surface.  A  svstematic  measurement 
*s  a  function  of  position  In  th#  plume  was  not  completed, 
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7  VELOCITY,  DENSITY  AND  MASS  FLOW  RATE 


7.1  Introduction 

In  analysing  heat  transfer  (or  mass  daposlcion)  on  an  object  lnxnersad 
In  the  (In  environment,  the  tesgierature  play*  •  critical  role  (ae  In 
Equation  (l)).  However,  any  detailed  anslyel*  of  heat  transfer  call*  for 
further  details  of  the  flow  such  as  flow  velocity  and  density.  As  we  have 
seen,  the  heat  transfer  from  two-phase  flow  Involves  velocity  of  both  gas 
and  condensed  phase,  which  may  differ  just  as  the  temperature  may  differ. 
Indeed,  the  behavior  of  the  condensed  phase  Is  so  Important  to  the  present 
problem,  that  we  have,  and  will  In  later  Sections,  dwelled  at  length  on  che 
droplet  site  dlstrioutlon  that  controls  deposition.  In  the  present  section 
the  arguments  regarding  the  values  cf  the  classical  variables  In  heat  trans 
far  are  collected  from  various  analyses  and  measurements  (some  detailed 
elsewhere  in  the  report,  e.g.  Appendix  F). 

7.2  Maas  Flow  Rate,  Gas  Properties 

The  flow  rete  is  governed  by  the  burning  rate  of  the  propellant, 
which  was  reported  In  Table  3  and  observed  to  be  about  0.127  cm/ sec 
(atmospheric  pressure,  20^0.  The  propellant  density  is  1.7b  g/cta^, 

2  2 

hanca  the  mass  flow  rate  from  l-cm*  of  burning  surface  Is  0.22i  g/cm  sec. 

When  the  aluminum  is  coirpletaly  unreacted,  the  mass  flow  rate  of  gas  is 

2  2 
0.16b  g/cm  /sac  and  the  aase  flow  rate  of  aluminum  la  0.036  g/cm  /sac. 

Whan  the  aluminum  is  completely  reacted,  the  mass  flow  race  of  gat  Is 
i  2 

0.136  g.ca'/scc,  and  the  mass  flow  rate  of  Al.,0  is  0.C68  g/cm", sec.  These 

a.  J 

figures  are  based  cn  the  ssavn-ptlon  that  the  flow  proceeds  perpendicularly 
from  a  flat  burning  surface.  The  spatial  distribution  of  che  transition 
froei  all  aluminum  to  all  Al^Oj  Is  discussed  tn  Sections  6  through  11. 

7.1  Denelty  of  the  Flow 

Near  the  burning  surface,  ihe  values  of  temperature  and  molecular 
weight  of  tha  gss  given  by  the  thermochemlcsl  ca leu  1  at l one  ere  2330‘K 
and  23.8.  Assuming  a  perfect  gas,  and  negligible  volume  lor  the  condensed 
phase,  the  density  of  the  gas  Is 


r 


r 

R 


where  R  Is  82. OS,  for  T  in  °K,  and  p  in  atm.  Thu*  for  M  •  23.8, 

T  •  2350°K  and  p  •  1  it*,  p  »  1.23  x  10*^  g/e*^.  For  the  gas  in  the 
region  whara  ail  cha  aluminum  i*  raactad  to  Al.,0.,  one  gat*  !i  »  18.7, 

^  /  A  J  a 

T  -  2990*IC  and  p  ■  1  atm,  0  i*  0.75  x  10'  g/cm  . 

7.3  Velocity 

Following  Section*  7.1  and  7.2,  it  la  poaaibla  to  calculate  a  corres¬ 
ponding  plum*  velocity  from  the  relation 

a 

m  •  sv 

The  valoclcla*  obtained  from  thl*  relation  are  shown  in  Table  7  for 
corresponding  mass  flow  rate*  and  densities.  These  are  the  velocities 
calculated  from  the  thermocheteical  data  (i.e.,  values  of  temperature  and 
molecular  weight),  and  pertain  to  i  physical  situation  where  flow  is  one- 
dlacnsional,  with  condensed  materiel  moving  et  the  ease  speed  at  the  gas. 

In  experiments,  the  velocity  may  be  more  or  less  than  these  valuet,  and 
are  diacuceed  below  and  in  Appendix  F. 

Compared  to  tha  one -dimensional  flow  calculation,  the  real  situation 
la  considerably  more  complex.  The  Inertia  of  the  aluminum  agglomerate*  la 
sufficient  to  require  a  elgnlflcant  portion  of  the  burning  time  for  them 
to  come  up  to  the  speed  of  the  gas  flow.  This  velocity  lag  effect  it  cal¬ 
culated  in  Appendix  F,  and  the  dependence  of  droplec  velocity  on  distance 
froe  th*  burning  surface  Is  shewn  In  Figure  35  for  various  agglomerate 
slats.  From  th*  standpoint  of  either  experimental  observation  of  velocity, 
or  calculation  of  impingements  on  objects  In  th*  combustion  zone,  the  velo¬ 
city  lag  Is  a  significant  conaidaratlon.  Beyond  the  combustion  tone,  the 
residual  oxlda  droplets  are  near  to  th*  gat  velocity. 

In  combustion  studies  with  convenient  size  samples,  the  velocities 
may  be  below  or  above  those  in  large-sacgj lc  fires.  In  an  open  plume, 
velocities  tend  to  be  reduced  by  air  entrainment,  end  experimental  obser¬ 
vations  tend  to  emphaalz*  thea#  wore  visible  slower  agglomerates,  which  are 
not  obscura  by  zmofce .  In  enclosed  plumes,  velocities  tend  to  be  low  near 
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the  cub*  wall,  buc  car  ba  hlghar  chan  normal  on  the  cub*  axis  (Appendix  F). 
Aa  a  raaulc,  oxparlMncal  oba«rvaclona  of  veloclcy  mad*  on  axis  may  give 
valuta  hlgh«r  chan  choa*  In  tabl*  7.  Higher  values  may  alao  raaulc  If 
eh*  propellant  stop  It  bums  Irregularly  with  more  chan  expecced  burning 

ar«a. 

Experimental  obaervadena  were  made  by  single  frame  snap  shots,  high 
speed  motion  pictures  and  screak  cae-ere  methods  (Appendix  F).  These 
methods  collectively  show  velocities  of  agglomerates  and  smoke.  The 
principal  results  are  summarized  in  Table  F-3  of  Appendix  F,  and  are  in 
reasonable  agreement  with  the  results  based  on  the  thermochcmlcal  and 
veloclcy  lag  calculations. 

In  the  evenc  that  a  more  refined  determination  of  the  velocity  field 
for  agglcnerttee  were  required,  e  more  thorough  terlea  of  meesurementa  and 
calculation*  would  be  desirable*- inc ludlng  more  accurate  determination  of 
tha  initial  agglomerate  els*  distribution,  end  calculation  of  valoclty 
lag  allowing  for  changing  else  of  the  agglomerates  as  they  move  out  in  the 
plume. 


8  BURNING  HISTORY  OF  SINGLE 
ALUMINUM  DROPLETS 


8.1  Introduction 

The  experimental  determinations  of  spatial  distribution  of  aluminum 
combustion  and  of  aluminum  and  oxide  droplet  size  distribution  Is  a  singu¬ 
larly  difficult  task,  not  yet  fully  accomplished  in  a  quantitative  sense. 
An  analytical  representation  ot'  the  combustion  of  the  aluminum  droplet 
population  Is  an  ls^ortant  means  of  supplementing  and  susnarlalng  experi¬ 
mental  results.  In  the  process,  current  and  past  experiments  can  be  re¬ 
lated  to  mechanistic  arguments,  and  the  analysis  then  provides  a  basis 
for  representing  collected  results  in  a  form  needed  for  future  studies  of 
effect  of  the  combustion  environment  on  immersed  objects.  In  the  next 
three  sections,  an  analytical  procedure  is  developed  for  description  of 
the  evolution  of  the  aluminum  droplet  cloud  into  an  aluminum  oxide  cloud. 
In  the  present  section,  representation  of  the  burning  history  of  single 
drop*  is  discussed  and  developed.  In  Section  9,  the  analysis  is  extended 
to  the  burning  history  of  a  population  of  droplets,  and  In  Section  10  th# 
development  of  the  Al,0^  droplet  population  Is  described. 

8.2  Aluminum  Droplet  Diameter  vs  Hoc 

Much  published  work  on  droplet  burning  (e.g.  References  19  and  20) 
describes  results  In  terms  of  burning  tlr.e  of  droplets.  Although  result* 
sre  somewhat  divergent,  Equation  (3a)  approximate*  most  experimental 
results 


-  WD 


(3a) 


where  *  Is  the  time  to  burnout  and  D  is  the  Initial  diameter. 

o 


19.  Davis,  A.,  "Solid  Propellents:  The  Combustion  of  Particles  of  Metal 
Ingredients,"  Combustion  ard  Flame.  Vol.  7,  So.  December  1^63, 
p.  359-367. 

20.  Hartman,  K.  0, ,  "Ignition  and  Combustion  of  Aluminum  Particles  in 
Propellent  Flame  Gases,"  Chemical  Propulsion  Information  Agency 
Publication  220.  Vo  1 .  November  1971,  pp.  1-2-. 
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tjcperimantal  valuaa  of  n  range  from  1.5  to  2.0,  and  there  is  no  com¬ 
pelling  argument  for  a  (specific  value  in  thi»  range.  The  factor  k  it 
related  to  aevaral  variable*,  the  moat  important  being  the  concentration 
of  the  oxidising  specie*. 

In  the  present  analysis  it  will  be  assumed  that  Equation  (3b)  applies 
anytime  during  burning  of  droplet,  i.e.. 


t  -  kD°  (3b) 

Since  the  droplet  changes  Its  character  bv  accumulation  of  A1,0  on  the 

4  J 

droplet  during  burning,  this  assumption  is  not  trivial,  but  there  is  no 
way  to  validate  it  or  make  a  more  precise  representation  without  further 
reseaich. 

It  time,  t,  is  measured  from  the  start  of  burning  of  the  droplet, 
then  it  can  be  shown  from  Equation  (3b\  that  the  droplet  diameter  decreases 
with  time  (Appendix  G)  according  to 


~  (  1  -  —S—  ' 


This  relation  continues  unci',  burnout  given  bv  t  •  '  •  kD  ,  at  which 

o 

time  the  surface  oxide  is  presumed  to  consolidate  into  one,  or  a  few 
droplets  that  contribute  to  the  local  oxide  droplet  population  (Section  10). 


fc.3  Aluminum  Droplet  Mass:  Oxide  Mats 

for  most  practical  purposes  such  as  determining  percent  aluminum 
burned,  or  impingement  characteristics  of  droplets,  the  droplet  mass  is 
more  important  (but  harder  to  measure)  than  the  diameter.  For  this 
information,  Equation  («*)  is  easily  used  to  obtain 


Figure  36  ihwi  the  variation  in  diameter  and  mess  of  the  aluminum  droplet 
with  time,  baaed  on  Equation  (3).  Section  8.4  dlscuaaea  briefly  the  algnl- 
licence  of  the  accuoxi  lation  of  oxide  in  the  agglomerate  surface,  and  then 
attention  la  turned  in  Section  9  to  the  analytical  repreaentation  of  a 
population  of  agglomerate*. 

8.4  Oxide  Resulting  from  Burning  of  Droplet 

At  ell  tinea  the  burned  portion  of  aluminum  ia  a a turned  to  glva  Al^O^ 
and  tharefora  at  aach  tine  we  have  a  certain  amount  of  oxide  produced.  An 
a  fraction  of  thia  goea  away  in  the  fine  smoke  form  end  ( 1  -  o)  portion 
remain*  accumulated  on  the  droplet  ltaelf. 

In  the  foregoing  analytic  it  hae  been  attuned  that  the  aluminum 
droplet  la  spherical,  an  ataumption  motivated  pertly  by  leek  of  aufficlent 
inforsmtion  for  a  better  quantitative  representation  of  agglomerate*,  ar.d 
motivated  partly  by  computational  dlfficultiea  in  uae  of  more  complex 
model*.  However,  it  It  recognised  from  the  atart  that  the  aluminum  droplet 
ha*  one  or  more  oxide  lose*  cf  uncertain  thape  and  alze.  It  is  assumed 
for  convenience  tend  lack  of  evidence  to  the  contrary;  that  each  aluminum 
droplet  ha*  one  oxide  lobe,  that  thi*  lobe  contain*  a  maa*  fraction 
(1  •  p)  of  the  total  oxide  piod.cco  :•*•  tne  droplet,  that  it  i*  retained 
until  burnout  of  the  parent  aluminum  droplet,  and  then  form*  a  (Ingle 
residual  oxide  droplet.  When  t  >  kD  n 
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In  our  computational  icheae,  the  expression  on  the  right  i«  a  constant, 

of  value  roughly  0.65  (Appendix  Cl). 
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9  BURNING  HISTORY  OP  DROPLET  POPULATION 


9.1  General  Trend  of  Population 

At  nocad  earlier,  the  nature  of  the  droplet  population  ttarta  with 
tone  agglomerate  site  distribution  leaving  the  burning  surface,  which  can 
In  principle  be  measured  by  high  speed,  high  reiolutlon  photography.  The 
population  Chen  proceeds  to  one  of  increasing  oxide,  which  consists  of 
three  distinct  kinds  of  droplets  (Figures  21  and  22). 

a)  burning  agglomerates  with  lobes  of  molten  oxide, 

b)  oxide  droplets  formed  from  the  agglomerate  oxide  residual 
oxide  droplets:  e.g.,  droplets  remaining  when  the  aluminum 
burnt  to  cotap  1st  ion ) , 

c)  fine  oxide  droplets  (sooke)  forasd  In  the  detached  flame 
envelope  around  tha  burning  agglomerate. 

The  trend*  of  these  three  part#  of  the  droplet  population  are  entirely 
different  ee  the  material  moves  away  from  the  burring  surfaca.  Further, 
our  Interest  in  the  parts  of  the  population  differ,  as  does  our  ability 
to  manure  them.  In  Che  present  section  the  trend  of  the  aluminum  popula¬ 
tions  If  analyzed. 

9.2  Strategy  for  Calculating  Population 

to  calculate  the  droplet  population  versus  position  in  the  plume,  it 
Is  assumed  that  the  Initial  droplet  population  is  determined  experiments  1 ly . 
A  widely  used  empirical  burning  rate  law  for  aluminum  droplets  is  used  to 
calculate  the  changing  *  1  ic  of  the  agg Ueserac e • ,  with  the  parameters  in  the 
law  adjusted  'T>  the  bails  of  result*  of  various  experimental  investigation 
(Including  particularly  those  of  the  present  project). 

Summation  of  the  slusir.ua  droplet  population  gives  the  aluminum  con* 
cent  ration  and  fraction  of  aluminum  burned--.'!  risnu-r  h  Is  also 
determined  exper tmenta l ly  to  permit  a  further  chec*.  on  selection  of  drop¬ 
let  burning  parameters.  Furtner,  the  parcenl-sluminua-bumed  figure  permits 
u«e  of  the  chemical  equilibrium  data  to  determine  tnc  c.-rep  >»1  tier  ot  gases, 
the  density,  and  ten^>erature  , 


b: 


9.3  The  Initial  Droplet  Distribution 

A  msaaurement  of  droplet  else  leaving  the  burning  eurfece  is  obtained 
by  aeeeuring  the  diameter  of  ell  dropleta  tor  e  period  of  time  (Appendix  C), 
over  a  email  eurfece  area.  It  ie  assumed  that  this  is  equivalent  to 
measuring  the  site  distribution  ovar  a  large  area  of  the  surface  in  a  short 
time  interval,  that  surfacewise  averaging  is  analagous  to  timewise 

averaging.  The  resulting  measurements  are  tabulated  as  AN  vs  Dq,  as 
illustrated  in  the  sketch  in  Figure  37a,  or  as  AN/AD  vs  D  as  in  Figure  37b. 
In  Figure  37a,  the  number  of  droplets  is  indicated  by  the  ordinate,  while  in 
Figure  37b,  the  number  of  droplets  (in  a  AD  Interval)  Is  indicated  by  the 
area  under  the  curve 


AN  ■  Ordinate  x  AD  (7) 

and  the  total  number  of  droplets  in  the  volume  samples  is  che  area  under 
the  total  curve.  For  the  present  purposes  it  it  advantageous  to  normalize 
the  dletrlbutlon  by  dividing  by  the  total  number  cf  droplets 


,'D  Ordinate 

rr  •  — - -  x  ad 
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If  the  histogram  Is  based  or.  an  aJc-quste  sample,  it  corresponds  to  e 
distribution  fun.ticm  tor  the  propellant,  such  that  (eec  Appendix  C) 


0/ 


dDo 


(9a) 


1st  of  a  differential  notation  implies  that  one  is  describing  an  indefl~ 
nltsly  large  jsmp.e,  which  Is  character t  et  l ;  of  the  particular  propellant 
and  combustion  environment.  The  subscript  0  refsrs  to  conditions  nea*' 
the  burning  surface,  where  the  approximate  site  distribution  is  measured 
experimental  ly  from  high  speed  motion  pictures  (see  Appendixes  !  end  C). 

Tor  tr>«  present  investigation,  the  mass-size  distribution  is  probably 
ot  greater  interest  than  the  nurtber-size  distribution  in  Equation  (9).  The 


Diii'iiK  distribution  may  be  written  In  terns  of  the  m»ber-»lze  distri¬ 
bution  as  Fq  In 
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(11a) 


The  diatribe, cions  “  D^  snd  estimated  fro™  the  notion  pictures 

taken  near  the  burring  surface  are  shown  in  Figure  3e . 

9.»  Change  In  Sire  Distribution  vl  th  Tlose 

As  tne  alualnua  droplets  cove  away  free  the  burning  surface,  their 
sire*  decrease  due  to  burring  {Section  S'.  The  notation  for  the  number,  and 
mss  distribution  functions  is  generalized  to  represent  the  changing  popu¬ 
lation  as  follows 


~  *  ?(D,t)  dD 

N0 


<9bl 


==  -  F(D.t)  dD  (10b) 
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and  by  analogy  with  Equation  (11a), 


F'D.t) 


5(P.t) 


D3  3  '  D  ^  dD 

0  0  \  Q1  0 


(lib) 


Thua  tha  definition*  of  th«  distribution  functions  hava  oten  extended  to 
apply  to  later  tieses,  after  the  Initial  droplet  population  hat  moved  out 
In  the  combustion  tone,  and  the  relation  between  the  number  and  mass  dis¬ 
tribution  function  has  been  correspondingly  extended.  It  remain*  to  show 
how  these  functions  can  be  related  to  the  Initial  distribution  function  so 
that  they  can  be  calculated  from  the  experimentally  determined  Initial 
distribution. 

When  tha  droplets  bum,  they  sre  assumed  here  to  folic*/  the  relation 

of  Equation  (<«>.  A  set  of  droplets  dN  in  the  Initial  sire  interval 

D,  to  D,  ♦  dD„  must  satisfy  both  Equation  (9a>  cat  t  •  0)  and  Equation  (9b) 
0  0  0  „ 

at  Che  lattr  time  ,  l.e., 


dS 


T2  *  VDodDo  *  r?(D*t)dD  •  ST 

0  0 


or 


dD 

3,0''i  •  VV  « 


112) 


where  dD  Is  the  Interval  in  which  the  d.’.  droplets  are  contained  at 
time  t.  This  differential  car.  be  obieined  from  Equation  (  d)  In  terms  of 
dD^  and  t  Equation  (d-10) 


( 1 -n ) , n 


:sdD/dDc,  -  vl  -  t/k  Dq  ■ 


(13) 


*  This  assumes  that  all  droplets  meve  out  at  the  >ar*  speed. 
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Than,  corresponding  co  Equation  (C-13) 


3(D,t)  - 


t/k  D, 


n\ 


(n-l)/n 


1  'n 

for  Dq  >  (t/k) 


(14) 


3(0, C) 


0  for  0Q  <  (c/k)1/n 


which  glwea  the  distribution  function  at  tlae  t  in  terme  of  t  and  the 
initial  distribution  function,  3q.  The  second  equality,  3-0,  corresponds 
co  droplets  that  have  burned  out,  and  accounts  for  the  decrease  in  S  with 
r  lae  . 


As  noted  before,  we  are  concerned  particularly  with  the  mass*alze 
distribution,  now  as  a  function  of  els*  starting  with  that  in  Equation  (11a). 
The  desired  function  is  defined  in  Equation  (lib),  and  the  goal  is  (by 
analogy  with  Equation  (14)  to  express  it  entirely  in  terms  of  the  initial 
size  distribution  and  tlae.  Combinations  of  Equations  (lib),  (13),  and  (14) 
gives  the  desired  result 


dm  ,  _ 

1 ( D , t )  8  —  /  4D  •  - 


,  (r*2),-n  , 

1  *  t/k  D n  DnJ  3  D 

0  /  0  O'  0 / 

*  3  „ 

•  0  O'  0'  0 


for 


D0  > 


it.  k) 


l/n 


U5) 


F(D,t)  -  0  -  for  Dq  <  (t/k)l/n 

Collectively  Equetions  (14)  end  (15)  provide  the  reans  to  cal'ulace  the 
size  distributions  during  burning,  once  the  Initial  size  distribution  is 
known.  The  specific  burning  rate  law  for  droplets  is  reflected  in  the 

coefficients  Involving  <  l  -  C.k  DQ  >  and  in  the  burnout  condition  iaplicit 

i  /  r\ 

in  the  llait  Dq  >  ( t . k >  Figure  40  shows  the  nuaber*»lze  distribution 
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3{D,t)  at  several  times  during  burring,  based  on  the  initial  distribution 
shown  in  Figure  38.  Figure  39b  ehows  the  correapondlng  mast-site  diatri* 
but  ion*  F  (D ,  t )  . 

r  r 

The  area*  under  the  3  and  F  curve*  correspond  to  3dD  and  FdD 
which  In  turn  correspond  to  the  proportion  of  droplet*  er.d  droplet  oats 
rcspe  c t ive Iy  at  each  time  t.  The  areas  are  shown  in  Figure  41  aa  a 
function  of  time.  The  curve*  show,  a*  one  sight  ejrpect,  that  the  number 
of  droplet*  decrease*  very  rapidly  as  the  «mn  1 1 «r  droplet*  burn  out  In 
large  rushers--  while  the  mass  decreases  les*  rapidly  becauae  the 
original  mass  was  in  the  larger  diameter,  longer -burning  droplet*.  Fifty 
percent  of  the  mas*  wa»  burned  in  O.J**5  second.  For  a  flow  velocity  of 
13  a/ sec  in  the  plume,  this  corre*ponds  to  O.ob  mater  (113  inches)  from  the 
burning  surface, 

9.5  Relation  of  Other  Aspects  of  the  Pvobiom 

The  alucir.un-  droplet  population  is  an  important  attribute  for  descrip 
t i on  of  the  fire  environment  tor  tnree  reason*. 

1.  Combined  with  information  on  velocity,  the  population  describes 
the  sue  cf  aluminum  droplet*  present  to  impinge  ,-n  iwcersed  ob'ects. 

2.  The  integral*  oi  the  distribution  function  give  the  r.ct  amount 
of  aluminum  burr.cd,  which  1*  needed  to  use  the  chemical  oqui  libi  iura  cal¬ 
culation*  to  get  local  temperature  and  composition. 

3.  The  development  of  Al,0.  in  the  plume  result*  from  the  changing 
aluff.ir.ua  population,  and  i  ■>  described  in  the  r.ext  section.  The  site  dis¬ 
tribution  oi  the  ox:de  droplets  .  *  important  to  thu  eifret  ot  the  flr» 
cnvl  ronnen  t  on  IrsceTsed  onjeers. 


10  PRODUCT  OXIDE  POPULATION 


10.1  Evolution  of  Agglomerates  Into  Oxide  Products 

Given  the  Initial  aluminum  agglomerate  population,  Figure  38, 
oxide  products  are  formed  at  all  subsequent  tines,  Figure  42.  Close 
to  the  burning  surface,  the  condensed  phase  material  will  be  mostly 
aluminum  agglomerates  with  small  oxide  lobes.  These  agglomerates  shift 
to  fewer  droplets  of  smaller  sizes  with  core  attached  oxide  as  they  move 
further  from  the  propellant  surface.  The  decreasing  aluminum  further  from 
the  surface  is  reflected  lr.  increasing  oxide,  in  the  forma  of  fine  oxide 
smoke,  surface  oxide  on  the  aluminum  agglomerate,  and  residual  oxide  drop¬ 
lets  formed  from  surface  oxides  of  burned  out  agg  looeratea .  The  smoke 
droplet  population  is  not  reallv  known, ,  but  It  is  believed  to  be  insen¬ 
sitive  to  variables  of  interest  except  that  the  amount  of  sroke  increases 
as  the  amount  of  aluminum  decreases  further  from  the  supiace.  The  sire 
of  smoke  droplets  is  relatively  unimportant  for  the  present  problem. 

The  residual  oxide  droplets  art  large  enough  so  Chat  a  substan¬ 
tial  portion  will  impinge  on  immersed  objects.  Their  sire  distribution 
can  be  measured,  at  least  roughly.  The  droplets  f  orracd  early  in  the 
plume  (l.o.,  rear  the  propellant  surface'  probably  result  from  burnout 
of  uragglooeratcd  aluminum  particles  and  small  agg loraeratee  that  bum 
out  quickly.  Thus  early  residual  oxide  droplets  tend  to  be  rather  small 
ar.d  dependent  </r.  original  aluminum  particle  »t:e.  !he  residual  oxide 
droplet  population  is  enriched  by  increasingly  larger  droplets  as  they 
move  away  from  the  surface,  as  a  result  of  burr. out  of  agglomerates  of 
Increasingly  larger  original  sice. 


*  F-xne  restdusl  oxide  droplets  n«>  actually  result  from  expulsion  from 
the  scglonverato  during  burning  (.no  cviaence,  but  it  occurs  in  some 
non -pro;ve  1 1  an  t  laboratory  exper  1  raent  s  .  . 
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Figure  tt'i.  OlAfruHeic  r jrreeentitlon  of  the  evolution  of  burning 
agglomerate*  Into  oxide*. 


10.2  Aluminum  Oxide  Smoke 

The  aluminum  oxide  smoke  formed  in  the  detached  flame  around 
burning  aluminum  droplet*  has  not  been  a  subject  of  detailed  interest 
because  the  droplets  are  so  fine  (<  2 --as  diameter)  that  they  flow  around 
objects  in  the  reaction  zona  without  deposition.  However,  there  is  a 
need  to  estimate  the  amount  of  oxide  smoke,  in  order  to  understand  the 
radladon  condition*  in  the  pluma,  and  in  order  to  complete  mass  con¬ 
servation  arguments  relative  to  other  forma  of  oxide  droplets  of  more 
direct  interest. 

Calculation  of  amount  of  oxide  smoke  is  based  on  past  experi¬ 
ence,  Chet  shows  approximate ly  80T  of  the  oxide  going  into  smoke  form 
(Reference*  21  and  22' .  For  tha  prasanc  purpose  lc  will  be  assumed 
that  the  proportion  of  smoke  oxide  to  total  oxide  la  o,  co  b*  aval' 
uated  experimentally  in  the  sample  collection  studies.  Then  the  amount 
of  oxide  smoke  vs  position  In  the  plume  is  obtained  from  the  amount  of 
aluminum  burned,  portion  going  into  smoke ,  and  ratio  of  oxlae  mass  to 
conatitute  aluminua.  Figure  40  is  used  to  get  the  required  aluainun 
mass .  Hence 


n  . 

ox  ,S 


m 


(lh) 


Subscript  0  on  the  right  hand  side  refers  to  initial  time,  and  a 

without  an  ox  subscript  means  aluminua  droplets,  m  .vs  time  Is 

ox ,  5 

shown  In  Figure  43  for  0  •  0.8. 


21.  Grachukko,  V.  P. ,  A.  M.  Stepanov,  and  A.  A.  Khvaltscv,  "Estimate 
of  the  Diaperaion  of  Products  of  Combustion  of  a  Metal  Particle," 
Flzika  Corenlva  1  Vzryya.  Vol.  12,  No.  4,  July-August  197b,  pp. 
519-530.  (Combustion.  Explosion  and  Shock  Navss.  translation 
copyrighted  by  Plenum  Publishing  Co.). 

22.  Eisel,  J.  L.  ,  E.  V.  Price  and  B.  G.  Brown,  "A1  0  Particles 
Produced  During  Solid  Propellent  Combustion,"  A.1AA  Journal.  Vol. 
13,  No.  7,  July  1975. 
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10.3  Residual  Oxide,  Amount 

The  balance  of  oxide  Is  formed  on  Che  aluminum  droplets  (Figure  42; 
Sections  3  and  11),  where  it  accumulates  and  forms  larger  droplets  than 
Che  smoke  (Appendix  C).  The  total  mass  of  that  oxide  is  determined  in 
a  manner  similar  to  the  smoke  oxide: 


ox,R 


\"o 


-  ml 


(17) 


The  resulting  variation  in  the  mass  of  residual  Al^O^  with  time  is  also 
shown  In  Figure  43.  It  should  be  understood  chat  some  of  this  residual 
oxide  is  In  the  fora  of  droplets  that  have  formed  upon  burnout  of  aluminum 
droplets  (t.e.,  for  which  Dq  <  (t.k)^”).  Some  of  Che  residual  oxide  Is 

still  on  the  surface  of  burning  aluminum  droplets  (chose  for  which 

_  _  ,  ,,  .  1  /n . 

Dq  >  it/k)  ) . 

10.4  Site  Distribution  of  Residual  Oxide  Droplets 

When  sn  aluminum  droplet  burns  out  completely,  the  surface-accumulated 
oxide  forms  one  or  more  droplets  whose  diameters  are  different  from  the  dia¬ 
meter  of  the  original  alualr.ua  droplet.  We  will  assume  for  simplicity  here 
that  only  one  oxide  droplet  results,  whose  diameter  is  smaller  Chan  that  of 
the  origlanl  aluminum  droplet  by  a  factor  S  (which  depends  cn  the  densities 
cf  oxide  and  metal  and  the  fraction  of  oxide  chat  turns  into  smoke.  Or, 

and  the  stochiometr ic  factor  for  A1-Q-,  102/54;  see  Appendix  C).  As  the 

4  J 

population  of  aluminum  agglomerates  burns  out  it  gives  rise  to  the  popula¬ 
tion  of  residual  oxide.  This  means  there  is  a  one-to-one  correspondence 
between  original  aluminum  droplets  and  final  residual  oxide  droplets,  so 
their  final  distribution  function  has  a  similar  correspondence  amounting  to 
linear  transformation  of  the  coordinate  scales.  This  is  demonstrated  In 
Appendix  G,  and  can  be  written 
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where 


Is  defined  on  the  usual  way  (e.g.,  like  Equation  (9)';, 


Equation  (18)  permits  direct  calculation  of  the  realdual  oxide  droplet 
distribution  froai  the  Initial  aluminum  distribution  function.  Title  it 
Illustrated  in  Figure  44. 

The  presence  of  a  c  In  the  functional  notation  on  the  left  would 

be  unnecessary  if  one  were  describing  only  the  final  distribution  of 

residual  oxide  droplets  as  outlined  above;  the  t  la  needed  when  one  is 

concerned  with  tlaes  when  all  aluminum  droplets  are  not  yet  burned  out. 

This  is  Illustrated  by  the  vertical  line  in  Figure  44  at  D  “  125.  At  a 
n  ox 

tiae  t  -  k(D  / B)  all  the  aluminum  droplets  with  initial  diameter  D  /S 

ox  r  ox 

or  smaller  are  burned  out,  and  all  the  residual  oxide  droplets  with  diameter 
B  or  less  are  formed.  In  other  words,  chat  part  of  the  oxide  population 
curve  to  the  left  of  the  vertical  line  has  been  generated.  As  tine  pro* 
grasses,  the  vertical  line  moves  to  higher  diameter  until  ell  the  aluainun 
population  of  the  sasg>le  is  burned  end  all  the  residue!  oxide  droplets  are 
generated.  1c  is  this  aspect  of  the  function  3  (D  ,t)  that  is  time- 

OX  OX 

dependent,  and  is  elaborated  in  Figure  44  by  the  time  scale  at  the  top  of 
the  graph. 

The  aaaa-slae  distribution  for  the  residual  oxide  droplets  is  developed 
in  Appendix  0  from  the  definition 


The  resulting  relation  to  the  number-site  distribution  is 
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This  M3i*ilu  distribution  is  thus  similar  in  fora  to  Fq(D q)  except  for 
che  linear  scale  c ran s forma tioos  6_(pox/sa^)  *®d  (1/3),  a*  illustrated  in 
Figure  45.  As  in  Che  case  of  the  number- • lie  distribution,  the  population 
builds  up  from  snail  droplets  to  larger  ones,  with  the  vertical  line  in  the 
figure  reflecting  the  llnl;  of  the  population  at  a  specific  tine  (top  scale). 

10.5  Site  Distribution  of  Surface  Oxide 

Part  of  the  residual  oxide  calculated  by  Equation  (17)  la  In  the  fora 
of  residual  oxide  droplets,  but  sons  is  in  the  fora  of  surface  oxide  on  the 
larger,  still-burning  aluminum  droplets.  Thus  to  describe  the  population 
of  burning  droplets,  one  must  also  describe  the  amount  of  oxide  on  the  drop¬ 
lets.  At  any  given  Clme  during  burning,  the  smallest  aluminum  droplets  will 
be  almost  burned  out,  and  the  droplet  will  be  largely  oxide.  The  larger 
droplets  will  have  a  larger  portion  of  their  weight  still  in  aluminum  form. 

In  order  Co  describe  the  surface  oxide  population  as  simply  as  pos¬ 
sible  for  coeiputationa  1  purposes,  the  uelght  cn  each  aluminum  droplet  will 
be  described  as  a  sphere  of  diameter  D  ,  as  if  it  were  alreadv  an  oxide 
droplet  (buc  growing  at  the  expense  of  the  aluminum).  Then  according  to 
the  usual  procedure,  a  mass  distribution  function  can  be  defined  by 
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Using  the  corresponding  definition  for  the  mass  distribution  function  of 
the  original  aluminum  droplets  Equation  (10a),  one  can  obtain 
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The  objective  Is  to  get  F 


is  to  get 
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in  terms  of  D_ 
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In  terms  of 


and  t,  and  the  procedure 
and  c  using  Equations 


(4)  and  (17).  This  Is  described  in  Appendix  C,  and  leads  to  the  result 
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Actual  calculation*  of  F  were  not  udi  because  of  time  limita- 

ox* 

done;  howevsr  th*  trend  of  F  It  suggested  by  the  sketched  curve*  In 

ox* 

Figure  46,  which  help*  to  clarify  the  meaning  of  the  analysis.  Curve  A  1* 
the  mass  distribution  function  of  the  original  aluminum  droplets  and  Curve 
B  is  th*  teas*  distribution  function  of  residual  oxide  droplets  after 
aluounum  burnout  (Section  10.4).  Th*  point  P  on  curve  A  corresponds  to  a 
particular  sis*  aluminum  droplet,  and  the  point  p'  is  the  corresponding 
residual  oxide  droplet.  At  the  moment  during  burning  when  the  droplet 
indicated  by  p  burns  out,  the  resulting  oxide  droplet  at  P'  is  formed, 
and  is  the  largest  one  in  the  population  at  that  point  in  the  flow.  Larger 
ones  still  consist  of  surface  oxide  and  al'imlnum  and  will  bum  out  later 
to  give  larger  retidual  oxide  droplets.  This  section  la  concerned  with  the 
amount  of  oxide  on  theae  larger  droplets,  which,  to  the  right  of  is 
still  increasing  with  time  as  indicated  by  Equation  (20).  The  dotted  curves 
in  Figure  46  approximate  this  trend  in  amount  of  surface  oxide  at  succes¬ 
sively  later  times,  a  trend  that  culminates  in  the  final  residual  oxide 
population  upon  burnout  of  the  largest  droplets. 
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11  COLLECTION  Of  CONDENSED  PHASE  MATERIAL 
IN  THE  COMBUSTION  ZONE 


11.1  Background 

The  Importance  of  the  condensed  phase  material  to  the  heat  transfer 
was  demonstrated  by  the  lamerslon  probes  (Section  4).  The  nature  of  the 
condensed  phase  material  (A1  and  Al^O^)  was  described  earlier  (Sections  1, 

3,  5,  and  10).  With  Initial  droplet  population  obtained  from  the  photo¬ 
graphic  method,  the  calculation  of  the  droplet  populations  at  subsequent 
times  Is  lealt  wlch  in  Sections  8  through  10.  However,  the  basis  for 
calculations  needs  to  be  supported  by  direct  experimental  measurements . 

To  serve  this  need,  extensive  effort  was  devoted  to  obtain  the  droplet 
population  at  various  sections  of  the  plume. 

Samp l e s  of  condensed  phase  material  are  obtained  by  quenching  the  re¬ 
levant  portion  of  the  combustion  plume  by  appropriate  meant.  The  collected 
samples  are  used  It.  population  studies  and  to  determine  the  free  aluminum 
concent  in  order  to  provide  a  check  on  the  results  of  population  calcula¬ 
tion  techniques  and  also  to  provide  Information  for  application  of  the 
thermochemical  calculations  (e.g.,  Figures  5  end  6)  to  the  actual  plume. 

11.2  Test  Procedure 

The  appropriate  method  of  quencii-col  lection  of  population  samples 
was  by  no  means  obvious  at  the  outset.  Similar  earlier  efforts  at  rocket 
motor  pressures  (References  23  to  25)  have  remained  of  questionable  valldlcy. 


23.  Churchill,  H.  L.,  R.  W.  Fleming  and  N.  S.  Cohen,  Aluminum  Behavior  In 
Solid  Propellant  Combustion.  Air  Force  Rocket  Propulsion  Laboratory 
TR  74-13,  May  197- . 

24.  Levaahenko,  C.  I.,  and  L.  P.  Sakhlr,  "Method  for  the  Withdrawal  of 
Particles  Formed  During  the  Combustion  of  Matalired  Condensed  Systems 
in  a  Constant-Pressure  Chamber,"  Fltlka  Gorenlva  1  Vzrvva.  Vcl.  9, 

So.  2,  March-Aprll  1973,  pp ,  330-331. 

25.  Belyaev,  A.  F.,  B.  S.  Ermolaev,  A.  I.  Noroticov  and  Yu  V.  Frolov, 
"Combustion  Characteristics  of  Powdcrea  Aluminum,"  FI  ilka  Genenlva 

Vzrvva.  Vol.  5,  So.  2,  June  l?b9,  pp .  207-219. 
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However  Independent  tests  at  atmospheric  pressure  prior  to  this  project 
had  shown  that  condenied  material  settled  out  of  a  horizontal  combustion 
plum  and  quenched  upon  impact  in  a  ttotaL  plate.  Accordingly  it  was 
anticipated  that  in  the  present  work,  tests  could  be  run  with  horizontal 
combustion  plumes  allowing  aluminum  agglomerates  to  settle  out  by  gravity. 
However,  with  UTP  3001  propellant,  quenching  was  not  consistent  (see 
Flgura  9),  and  collection  efficiency  was  indeterminate,  negating  the  goal 
of  detertainat ton  of  populations  by  this  method.  Accordingly,  an  experi¬ 
ment  was  developed  in  which  the  combustion  plume,  confined  by  a  stainless 
steel  t .be  of  appropriate  length,  was  directed  into  an  alcohol  bath  that 
would  quench  burning  droplets  (Figure  u/l.  Alcohol  quenching  was  suggested 
by  a  technique  developed  by  Russian  investigators  (Reference  25!,  although 
the  experimental  design  was  quite  different  because  of  the  loss  demanding 
environmental  situation  (atmospheric  pressure!  and  the  larger  combustion 
tore.  The  arrangement  shown  m  Figure  -*7a  was  used  in  a  5iri.es  of  tests 
using  combustion  tubes  oi  different  lengths.  The  small  smoke  particles 
(<  3  »)  are  expected  to  travel  with  the  gas  around  the  tube  opening  into 
atooaphere,  wheieas,  the  bigger  particles  with  greater  weight,  heat 
capacity,  and  aluminum  content  are  expected  to  follow  a  gravitational  path 
to  Che  alcohol  pool  below. 

11.3  Sample  Preparation  and  Analysis 

The  sample,  quenched  and  collected  in  the  alcohol  pool,  is  cleaned 
and  dried  for  further  study  ar.d  analysts.  The  sample  thus  collected 
contains  hydrochloric  acid  which  is  removed  by  repeatedly  scrubbing  the 
mixture  with  water  ar.d  then  the  water  in  the  sample  is  removed  by  repeated 
scrubbing  of  it  with  fresh  alcohol.  The  technical  details  are  described 
in  Appendix  C.  The  sample  is  finally  dried  and  weighed. 

1.  A  weighed  subsar.ple  is  removed  and  tested  for  free  aluminum 
content.  This  involves  solution  of  free  aluminum  into  HC1  and 
cleaning  ot  AlClj  by  s  rubbing  it  with  water  and  liltcrir.g.  The 
remaining  oxide  is  weighed.  The  loss  of  weight  gives  the  amount  of 
aluminum  in  the  subsa-ple  (Appendix  C>. 
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2.  The  res:  of  the  original  sample  is  sieved  through  a  series 
of  screens  and  che  fractions  then  weighed,  giving  a  rough  mass  site 
distribution . 

3.  The  sized  fractions  are  examined  microscopically  to  deter¬ 
mine  the  nature  of  tne  population. 

■4.  The  sized  fractions  are  tested  for  free  aluminum  content. 

5.  The  results  are  compared  with  the  analytical-computer  model. 


11.4  Results 

During  the  present  reporting  period,  scree  60  tests  were  run.  Maas- 
slza  distributions  of  the  entire  samples  for  certain  distances  away  from 
the  burning  surface  are  shown  In  Figure  48.  The  results  of  the  acid 
etching  ct  the  eubsatapie  were  used  to  plot  the  aluminum  content  in  the 
sample  at  various  distances;  see  Figure  49.  Typical  photographs  of  the 
samples  collected  are  shown  in  Figure  50. 

11.5  Discussion 

Direct  quantitative  comparison  cf  the  exper  l-w’nt  a  l  results  with  the 
results  predicted  by  theory  is  not  made.  Such  a  comparison  was  not  consi¬ 
dered  Justified  because  the  sample  collection  method  was  found  to  be  in¬ 
efficient,  and  suspected  of  being  selective  (i.e.,  did  not  give  an  unbiased 
sampling  of  kinds  end  sizes  of  droplets  present  lr.  the  plume). 

(>iailc«iiv«  examination  was  made  of  samples  collected  st  different 
distances  from  the  propellant  surface,  to  see  if  the  evolutionary  process 
of  burning  droplets  described  in  Figure  42  was  evident.  The  inevitable 
decrease  in  agglomerate  size  with  distance  was  evident,  along  with  the 
Increasing  size  of  residual  oxide  particles  (Figure  50;.  The  oxide  lebes 
on  agglomerates  were  evident  in  samples  everywhere  in  the  plume.  Relative¬ 
ly  few  examples  were  seen  of  agglomerates  in  which  the  oxide  lobe  had 
become  che  dominant  t  of  the  agglomerate ;  It  was  speculated  that  such 
droplets  might  be  fragmenting,  but  no  f ragmen ta t ion  was  observed,  and  it 
may  be  that  the  rapid  burnout  of  such  configurations  makes  their  observe* 
U>n  improbable. 

A  modified  collection  method  (Figure  47b)  was  adopted  end  used  in 
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preliminary  experiment*  Chat  yielded  high  collection  efficiency.  Semple* 
collected  by  thl*  method  ere  believed  to  be  euitable  for  quantitative 
comparison  with  the  analyte*  of  Section*  8  through  10,  but  *uch  atudie* 
were  not  made. 


12  INITIAL  SIZE  DISTRIBUTION  Of 
ALUMINUM  AGGLOMERATES 

12.1  Introduction 

The  Importance  of  droplet  ale*  of  alualniM  in  cha  combustion  ton* 
hat  baan  nocad  in  preceding  •action*.  It  ralataa  to  tha  dimensions  of 
tha  combustion  son*  aad  natura  of  droplat*  contributing  to  intaractlona 
with  l emerged  objects.  The  altaa  of  tha  agglomerates  leaving  tha  burning 
aurfaca  conatltuta  tha  Initial  condition  to  tha  population  calculation* 
in  Section*  9  and  10.  Fortunately,  tha  alaa  distribution  1*  auacaptlbl* 
to  naaaurenant  by  photographic  naan*  In  tha  vicinity  of  tha  burning  aur- 
face,  because  tha  droplet*  are  atlll  moving  relatively  slowly,  and  because 
cha  general  oxide  saoka  density  la  still  relatively  low  and  doesn't  obscure 
the  individual  agglomerates.  This  1*  evident  frea  Figure*  29b  and  B-2. 

In  the  present  study,  sicca  of  aluminum  agglomerates  were  saasurad  from 
high-speed  notion  pictures,  and  a  site  disc  *  lb  t  Ion  estl  i.:J  for  use  In 
calculation  of  sice  distribution*  further  away  iron  ;  -  -  >:*  (Sections 

8  through  10) . 

12.2  Procedures 

Tha  photographic  amthod  used  is  described  in  Appendixes  B  and  C. 

A  16-ms  Hycaat  camera  was  used,  with  2  to  1  imago -to -object  slsa  and  a  frame 
rata  of  2150  fraaes  per  second.  Propellant  samples  for  these  tests  war* 
7.6-wm  high  by  6.6-wm  wlda  by  2-wa  thick.  The  picture*  shewed  the  larger 
agglomerates  for  several  fraaes  a a  they  moved  out  of  tha  field  of  view 
(Figure  B-2). 

The  first  step  in  population  determination  waa  to  project  th*  fraaes 
onto  a  screen  where  th*  enlarged  images  of  th*  droplets  could  be  measured. 
Tha  field  of  view  was  limited  by  masking,  to  show  a  column  4.4  cm  wlda 
(actual  width  1.1  am)  perpendicular  to  the  burning  surface.  In  this 
column,  the  else*  of  all  droplacs  leaving  tha  surfaca  war*  saasurad  and 
tabulated  for  typically  100  frtaas.  Tha  resulting  data  wars  used  to 
construct  e  distribution  function.  However,  some  corrections  to  th* 
measurements  were  mad*  first,  as  described  below. 
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Phonography  by  eelf-lumlnoslty  shows  the  aluminum  droplet  at  a 
brilliant  tphara  with  a  convective  tall  (Figures  29b  and  B-2).  Tha  diameter 
of  chit  tphara  It  Indlcaclva  of  tha  f  laic  a  anvalopa,  with  tha  aluminum  drop* 
lac  balng  taallar.  Tha  praaant  photography  doaa  not  utually  thow  tha  droplat 
Ittelf.  Measurements  of  tha  ratio  of  flame  anvalopa  dlaaacar  to  droplat 
dlamatar  ara  reported  In  acattarad  cooeanta  In  tha  literature,  but  are  tha 
explicit  topic  of  Rafaranca  26.  Ratulti  of  that  reference  vara  uaad 
(Appendix  C,  Parc  4)  to  convert  tha  pretent  flame  envelope  diameter  to 
droplat  dlametera,  to  be  utad  In  determining  tha  aite  distribution 
(Sections  9  and  10,  and  Appendix  G). 

12.3  Initial  Site  Distribution 

Figure  Sla  shows  tha  droplet  size  distribution  obtained  by  dividing 
the  dlamatar  range  (Appendix  C)  into  Intervals,  tabulating  the  number  of 
droplets,  AN,  falling  on  each  interval,  and  drawing  the  corresponding 
histogram  of  AN/NAD  where  N  ■  IAN.  This  corresponds  *  ■  ,\  sample  from 
a  population  represented  by  the  number  count  size  distr i.'jtlon  function 
3(DQl0)  referred  to  in  Sect  ?n  9.  For  the  present  purposm  the  mast  size 
distribution  Is  probably  mor  stsmificant,  and  chr  dro,  let  sixes  v-re  also 
tabulated  In  Appendix  C  aa  r>/v  ■C*1  Do3-  orcc  diameter  range  was 

divided  into  intervals  and  the  combined  droplet  mats  in  each  Interval,  Am, 
was  tabulated.  From  Chase  results  (Table  C-l)  e  histogram  of  Am/m^  D  vs  D 
is  shown  in  Figure  31b.  This  corresponds  to  s  sample  from  a  population 
represented  by  the  mass-sir  distribution  function  F(Dq,Q). 

It  is  the  change  In  3  and  F  during  burning  that  is  sought  in 
S-cticn  9,  and  it  it  the  hittograae  from  the  photographic  studies  above 
that  are  used  to  approximate  3q  and  Fq •  The  total  area  under  the  histogram 
Is  one  for  t  ■  0.  At  later  times  (Section  9,  Figures  38b  end  39a  and  b) 
tha  area  will  be  the  mass  fraction  of  aluminum  remaining. 


26.  Borelsho,  A.  S.,  A.  V.  Ivashchenko,  end  G.  G.  Shelukkln,  "Problem 
of  Determining  tha  Sizes  of  Burning  Metal  Particles," 

Flzlka  Goreulvt  1  Vzevvs.  Vol.  11,  Mo.  4,  July-August  1975, 
pp.  659-660. 
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13  GAS  ANALYSIS  OP  THE  COMBUSTION  ZONE 


13.1  Introduction 

Composition  of  cha  g«a  mixture  In  chc  combustion  ton*  la  of  Interest 
for  two  reason a.  First,  future  choices  of  materials  for  radioisotope 
thermoelectric  generators  (RTGs)  nay  be  optimised  by  consideration  of 
readability  In  the  propellant  product  flow.  Second,  the  gas  composition 
la  an  Indicator  of  the  state  of  aluminum  combustion  (ac)  and  of  air 
adnlkture  (aa)  .  As  noted  In  Section  2.,  the  gas  composition  can  be  cal¬ 
culated  from  theory,  except  for  the  uncertainty  as  to  extent  of  ac  and  aa. 

In  chls  respect,  measurement  of  gaa  composition  provides  a  supplementary 
means  of  estimating  ec  and  a a. 

No  previous  measurements  of  gas  composition  In  metalisad  propellant 
combustion  were  found,  and  there  are  some  profound  difficulties  In  measure¬ 
ment  because  of  the  presence  of  HC1  end  Al^O^.  However,  It  was  decided 
that  gaa  samples  could  be  withdrawn  into  sample  bottles  without  AljQ-j  by 
sampling  through  e  porous  plug  filter,  and  that  HCL  could  be  Inactivated 
by  Including  e  suitable  neutralizer  In  the  sample  bottle.  If  this  could 
be  done,  determinations  could  be  made  of  relative  concentrations  of  other 
gases  versus  position  In  the  plume,  using  a  gas  chromatograph  method. 

In  the  following  and  Appendix  G,  the  results  of  such  measurements  sre 
reported . 

13.2  Experimental  Arrangement  for  Sampling 

The  general  arrangement  for  templing  is  shown  In  Figure  32.  Evacuated 
sacple  bottles  were  equipped  with  valves  (stopcocks)  and  connected  to  a 
sampling  tube  that  extended  Into  the  combusclon  zone  through  e  hole  In  the 
combustion  tube.  This  probe  contained  the  filter  plug  to  collect  condensed 
material.  The  stopcock  was  opened  after  the  propellant  sample  wee  burning, 
and  cloaed  before  burn  out  (e.g.,  open  15  seconds).  The  sample  bottle  was 
kept  cool  In  order  to  condense  vr  .•  vapor  and  retard  further  reaction!. 

One  sample  was  taken  fo,  each  tetc,  end  the  test  was  repeated  for  different 
distances  from  the  propellent  surface.  Samples  were  collected  until  ready 
for  gas  analysis,  there  was  some  indication  In  the  test  results  that  the 
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Det  at 1  of  Probe  Tube  Reduces 


Figure  *>2.  Arrogcsent  for  sunpling  gas  ( ros  the  combustion  tone 


samples  contained  air,  indicating  leakage  during  atoraga  (the  indication 
was  the  presence  of  0^,  which  is  not  believed  to  be  present  in  the  product 
flow  inside  the  combustion  tube). 

13.3  Gas  Analysis  and  Results 

Details  of  the  gas  analysis  are  presented  in  Appendix  H.  Figure  33 
shows  a  samp le  gas  chromatograph  record  and  Figure  54  shows  the  trend  in 
concentration  of  Hj,  CO  and  CO^  with  distance  from  the  propellant  surface 
(the  ordinate  scale  is  in  arbitrary  units).  The  expected  trends  are 
exhibited,  with  the  decrease  in  CO^  end  increase  in  CO  with  distance  re* 
fleeting  the  reaction  with  aluminum.  The  increasing  reflects  the  re¬ 
action  of  aliflsinum  with  water  to  give  A^Oj  *nd  .  The  data  suggest  that 
the  aluminum  reaction  is  substantially  complete  at  15  cm.  However  this 
may  be  deceptive,  as  tha  aluminum  droplet  population  measuraaants  and 
calculations  show  a  large  portion  of  aluminum  that  it  In  the  large 
(•low  burning)  part  of  the  droplet  population. 

Measurement  of  weter  content  wee  complicated  by  condensation  of  an 
unknown  amount  in  the  sampling  tube.  Further  the  pretence  of  HC1  wee  a 
more  serious  problem  in  measuring  water.  However  e  gee  chnxoa to graphic 
method  wes  evaluated  that  can  probably  be  uaed  successfully.  Preliminary 
result!  (Figure  54)  exhibited  the  expected  trend  of  H^O  concentration 
decreasing  with  distance  from  the  propellent  surface. 

13.it  Diecusslon 

Gas  analysis  showed  the  expected  trends  in  concentration  of  CO,  C0.jt 
,  end  H^O,  the  principal  specie*  Involved  In  oxidation  of  the  aluminum. 

The  methods  used  can  almost  surely  be  upgraded  to  give  quantitative  ranulte, 
but  the  measurements  obtained  in  the  current  project  are  regarded  as  only 
qualitatively  valid.  They  suggest  that  the  gas  phase  approximates  squill' 
brlum,  validetlng  use  of  the  thermochemlcal  calculations  of  Section  2. 

The  results  further  suggest  rather  rapid  aluminum  combustion  fe.g.,  in  the 
leveling  off  of  the  R, ,  CO  end  CO^  curves  beyond  15  cm  in  Figure  54). 

This  conclusion  le  not  supported  by  all  the  results  (e.g.,  HjO  concentration, 
Figure  54). 
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Staple  gee  chroaet  ograph  record  of  coabusCiao 
products . 


rigura  34.  Variation  In  product  ga»  compoaltion  with  distance  3 

i  run  the  burning  surface,  aa  measured  by  gaa  chroma  -  f 

tographa  of  collected  samples.  j 

] 
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NOMENCLATURE 


STHBOLS 

C  Conatanca  in  grey  body  radiation  law 

C  Effective  hue  capacity  of  an  lmmeraed  object  or  probe 

P 

0  Diameter  of  a  droplet 

T  distribution  function,  dn/m  do 

O 

3  Number-site  distribution  function,  dN/NQdD 

H  Coefficients  In  heat  tranafar  aquation.  Equation  (1) 

I  Radiation  intanaity 

k  Conatant  In  the  droplet  burning  else  law,  Equation  (3) 

m  Maaa;  of  a  droplet  (Equation  (5))  or  a  collection  of  dropleta 

N  Number  of  dropleta 

n  Exponent  in  the  droplet  burning  time  law,  Equation  (3) 

T  Temperature 

t  Time 

«»  * 
t  t  •  t/k 

x  Dletance,  e.g.,  from  propellant  burning  aurface 

v  Velocity 


X 


Wavelength  of  light 

Burning  tins  of  an  alualnua  droplet 


T 

SUBSCRIPTS 
Al  Alualnua 

Al.Oj  Alualnua  oxlda 

bo  at,  or  aftar  burnout 

0  Initial,  time  •  0,  at  start  of  droplet  burning 

ox  oxlda,  aay  rafar  to  all  oxlda  or  residual  oxide,  see  context 

ox,S  oxlda  smoke 

ox,R  refers  to  all  realdual  oxide,  both  free  droplets  and  aurface 
oxa  surface  oxlda  on  a  burning  droplet 

oxr  refers  to  free  residual  oxide  droplet  (l.e.,  parent  alualnua 

Is  burned  out) 

B  «*' 

p  probe;  propellant 
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APPENDIX  A 

TWO  DIMENSIONAL  MLXXMC  LAYER  CALCULATION 


a  - 1  Technical  Bull 

The  combustion  produce*  of  DTP  3001  art  reasonably  fuel  rich  and 
arc  capable  of  reaction  with  the  surrounding  air.  even  if  the  aluminum 
haa  burned.  A  reacting  nixing  layer  between  the  hot  propellant  gaace 
and  the  aurroundlng  air  nay  therefore  develop.  For  a  large  block  of 
propellant  a  aubecantlal  length  above  the  propellant  will  exist  where 
an  essentially  two  diaenslonal  nixing  layer  Is  a  good  mode  1  for  the  nixing 
process.  This  layer  is  assumed  bounded  on  one  side  by  the  equilibrium 
products  of  propellant  combustion,  but  with  the  aluednun  in  various  stages 
of  coMplete  combustion,  and  on  the  other  side  by  quiescent  air. 

It  Is  known  that  at  the  prevalent  conditions  the  mixing  layer  will 
become  turbulent  within  only  a  small  distance  (small  fraction  of  an  inch) 
above  the  surface,  so  a  turbulent  mixing  layer  will  be  aa snmed .  For  aim- 
pllclty,  Che  presence  of  aluadmsa  will  be  ignored  in  the  mixing  layer, 
thus  neglecting  the  bus,  momentum  and  energy  source/sink  for  Che  gas 
phase  in  the  mixing  layer.  Consideration  of  the  effect  Ls  beyond  the 
scope  of  the  program.  The  equilibrium  computations  of  Figure  A-l  show  that 
the  thermal  efface  of  aluminum  combustion  in  cha  prassnea  of  air  is  reason¬ 
ably  weak  (approximately  2QX  effect  on  absolute  temperature).  The  neglect 
of  this  effect  eats  the  spirit  of  accuracy  of  tha  present  analysis,  where 
several  approximations  will  be  Introduced. 

Two  limits  will  be  considered:  a)  the  gas  phase  reactions  between 
fuel  rich  propellane  combustion  products  and  air  are  nonexlatent  (pure 
mixing  case)  and  b)  tha  reactions  taka  pises  with  Infinite  rate.  In  both 
caste  e  distributed  reaction  within  the  mixing  layer  need  not  be  considered, 
but  in  case  b)  reaction  will  occur  at  s  mathematical  surface  in  space, 
because  fuel  (CO  end  Hj  primarily)  and  oxldiser  cannot  coexist  at  any  point. 
This  latter  case  will  be  treated  by  what  is  known  as  Che  collapsed  flame 
approximation.  In  both  cuss  Che  boundary  layer  aquations  with  the  turbu¬ 
lent  exchange  modelled  in  Bousslncsq  form  with  turbulent  Prandt)  and  Schmidt 
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Figure  A-l .  Temperatures  for  equilibrium  reaction  of  UTP  3001  propellant  In  air,  ailualag  varying  degrees 
of  completeness  of  alum! mm  combustion. 
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lea  pact loo  of  eh*  themochemical  equi llbrlva  calculation*  aupplled  by  AFVL, 
the  dominant  apecia*  Co  bo  conaidered  or*  given  for  cho  propellant  gaaoa 
for  two  Unit  a  of  alunln'ot  coabuatloo  In  Table  A-l#  Alao  ahown  In  the 
table  are  eanperaturea  and  velocltlea  of  the  gaaea  for  the  propellant  gaa 
flow,  which  will  be  temed  the  core  flow.  Theae  condltiona  form  the 
boundary  condltiona  cb  Equations  A-l  through  A-3  at  y  •  ♦  At  y  •  *  • 
the  condltiona  are  cold  quiescent  air  at  T  ■  T°  end  Yg  •  0.767,  Yq  • 


Table  A-l.  Conpoaltlona  and  Temperatures  Uaed  for  the 

Propellant  Combuatlon  Caaea  in  the  Llnlta  of 
0  and  100%  Conplata  Combustion  of  Aluminum. 


Specie* 

Mole  Fraction* 

0T  Al  Burned 

100%  Al  Burned 

*2° 

0.32 

0.12 

0.14 

0.34 

CO 

0.23 

0.29 

C02 

o.oe 

0.01 

N2 

0.08 

0.09 

HCl 

0.15 

0.15 

Molecular  Weight 

23.7 

19.4 

CP 

0.435  cal/g. °K 

0.452  cal/g. 

Tenperature 

2500K 

3000 Jt 

Enthalpy,  h^ 

861  cal/g 

1143  cal/g 

Velocity 

18.5  n/aec 

25.1  m/aec 

*  H  and  Cl  are  alao  present 

in  a  minor  amount  ard  have 

bean  lumped  into 

the  component*  ahown. 
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'■'*  -  •'!  Alu..in  i -ii-noUi.  jJi.Miitl  jEjMlUullbiiiiiiiA 


Equation*  A -4  end  A-5  admit  the  solutions 


h  "  A  +■  B  u/u 
Yt  '  C,  ♦  Dt  u/u. 


(A-e> 

(A-9) 


u  be  checked  by  direct  substitution.  Hara  A,  B,  and  art 
con at  ant a  of  Integration.  Conaaquendy ,  the  aolutloo  to  the  problem  la 
reduced  to  finding  a  aolutloo  to  Equatlona  A-l  end  A-2  with  the  boundary 
coodltlona  on  u  that 


u(»,  x)  m  u.  <x)  u(-  •,  x)  •  0 

u.  (x)  will  be  later  determined  by  a  aaparate  equation  concerning  alumi¬ 
num  consumption. 

The  eddy  viscosity  will  ba  choaen  aa 

:2  e  •  s_2m  eo(x)  -  Kg  u.  X  (A-10) 

which  la  a  form  with  empirical  support  (Reference  A-2).  With  this  choice, 
where  la  an  empirical  constant  to  ba  determined,  one  further  assump¬ 

tion  allows  a  rather  simple  solution  to  the  problem.  The  assumption  la 
one  of  local  similarity  by  Introduction  of  the  variables 

t  -  y  (  a/;_  )  dy  1  -  */xKj.l/2  (A-ll) 

o 

and  a  solution  la  sought  for  flow  variables  depending  on  t;  .lone ,  rather 
than  x  and  s.  This  Is  found  permissible  if  u.  Is  a  slowly  changing  func¬ 
tion  of  x.  By  slowly  Is  meant  that  the  length  scale  over  which  u.  changes 
substantially  (alum! mas  consumption  length)  la  ouch  larger  than  the  mixing 


A-2.  Alber,  1.  E.,  "Integral  Thaory  for  Turbultnt  Bass  Flows  at  Subsonic 
and  Supersonic  Speeds,"  Ph.D.  Dissertation,  California  Institute  of 
Technology,  1967. 
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layer  thickness,  a  face  which  may  be  checked  &  posteriori.  Introducing 
Che  verlablee 


♦ 


_ 1/2  , 
uc.  *  ^  f<T,) 


to 


u  -  Ua  f' 


-w  -  Kj/2  u.  (f  -  T)f') 


r»  dy 

o  *-• 


(A-12) 


Equation  A-l  la  autaautlcally  aetlafled  aad  Equation  A-2  collapses  to  the 
ordinary  differential  equation 

f ♦  f  f"  •  0  (A-13) 


with  the  boundary  condition* 


f'  (  •  )  -  1  f '  (  —  )  •  0 


(A- 14) 


While  Equation  A-13  aubject  to  Equation  A-14  nay  be  aolved  numeri¬ 
cally,  in  the  aplrlt  of  the  approximation  uaed  here,  an  appropriate  ana¬ 
lytical  aolutlon  la  dealred.  Before  doing  thle,  however,  a  toanm  problem 
should  be  noted;  the  third  order  differential  equation  haa  <nly  two  boundary 
condltlona  In  Equation  A-14.  Therefore,  the  problem  la  111-poaad  aa  It 
ataade.  Thla  la  really  a  atrong  Interaction  problea  where  the  behavior  of 
the  universe  around  the  nixing  layer  can  influence  the  cant  or  tilt  of  the 
odxlng  layer  relative  to  the  horlaontal  axle.  An  additional  condition  will 
be  Imposed  here  that  there  are  no  lateral  forces  acting  cn  the  shear  layer. 

A  careful  examination  of  the  transverse  nomentua  equation  reveals  that  an 
additional  boundary  condition  is 


12S 


v(«)  ■  0  ■  11a  (£  -  T)f ') 

V  -*  m 


(A- 15) 


This  now  Mkti  ths  problem  solution  unique. 

Inspection  of  Equetion  A-14  shows  thee  the  esyaptotic  forms  of  £ 

are 


7)  -*  •  f  -*  r\ 


Ti  f  -»  f  ,  a  constant 


Insertion  of  thesa  foriai  in  Equation  A-13  above  and  below  T1  •  0,  respect¬ 
ively.  converts  Equation  A-13  to  a  linear  ordinary  differential  equation. 
Demanding  continuity  of  f,  l‘  and  t"  at  *  0,  tha  two  solutions 
aay  be  uniquely  matched  at  T)  ■  0.  The  solution  which  satisfies  Equations 
A-14  and  A-15  is 


1  iO 

f  ' 

*  SO 
f' 


0.5694  *  0.8613  12  d”' 


0.5694  e 


0.6035  -1 


(A-46) 


where  f  ■  -0.6035.  Equation  A-16  is  plotted  on  Figure  A-2. 
For  Che  case  of  no  reaction  Equations  A-8  and  A-9  yield 


Y.  •  1.  (1-f') 

°2  °2  _ 


HCX ,  HjO,  Hj i  CO,  COj  HC2,  1^0,  CO,  CO^ 


'  (A- 17) 


{„  •  Y„  ♦  f  (Y 

2  N2  _  N2. 


YN  ) 
*2 
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Froai  Equation  A-7,  if  an  average  apeclfic  haat  is  uaed. 


.  T  -  T  _ 

{J1  <•  -  - 


(A-18) 


For  taro  Ai  cor  exemption  c  “  0.391  cal/g.°K  and  for  1001  A X  couaumptlon 
-  .  q  P 

Cp  •  0.423  cal/g.^C,  where  there  ara  ealculatad  on  tha  baaia  that 

h-  “  %  (T-  '  T-> 

and  ha  la  ealculatad  from  Rafaranca  A-l  and  tha  campoeitlon  of  Tabla  A-l. 

For  tha  caaa  of  reactions  between  0., ,  CO  and  tha  computation  of 
tha  enthalpy  and  maaa  fraction  profllaa  la  taora  complex.  Tha  reaction  con* 
alderod  La  tha  ona  atap  lrravaralbla  reaction 


02  +  j  CO  +  b  »2  b  B,0  ♦  I  C02 


(A-19) 


at  tha  collapaad  flame  aurfaca.  From  Table  A-l  It  may  be  calculated  that 


a  -  1.24 


b  -  0.76 


OX  Ai  burned 


a  -  0.92 
b  -  1.08 


100X  Ai  burned 


From  Reference  A-3  It  la  known  that  the  functloc* 


yh  yo 

e  .  — Hi—  +  h 
H2  V(*b>  V 


*  rt  h“  Vt  <v'  -  vp  W0< 


A-3.  Wllllaau,  F.  A.,  "Coobuatlon  Theory,"  Addlaon-Wealey ,  Reading, 
pp.  9-13  (1965  i . 
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satisfy 


5  *  6  +  (1  *  f#)(S  _  -  rj  (A-20) 

everywhere  in  the  field,  even  if  reaction  is  occurring.  3y  calculations, 
the  sua  in  the  denominator  of  3^  it  approximately  1.3  x  10^  cal/mol  for 
both  limiting  cases  of  Table  A-l  and  la  assumed  a  constant.  Since  at  the 
f lane  surface  Y  •  Y  "  0,  Equation  A-20  determines  f'  at  the  florae 
surface  location.  ThesJ  points  are  shown  in  Figure  A-2.  9^  tray  then  be 
calculated  from  Equation  A-20  and  is  shown  on  Figure  A-3  for  the  two 
Uniting  cases  of  Table  A-l.  It  is  seen  that  the  primary  effect  of  the 
reactions  is  to  extend  the  core  temperature  into  the  mixing  layer  and 
effectively  widen  the  hot  rone.  Figure  A-3  essentially  shows  the  brackets 
on  temperature  to  be  expected  in  the  nixing  layer. 

So  far,  results  have  been  expressed  in  terms  o£  the  similarity 
variable  T. ,  To  get  the  results  in  physical  y-x  space  requires  the 
Inversion  which  follows  from  Equation  A-ll. 


(p../  ;>  <s- 

o 


whera  a  /;  is  calculated  iron  Equation  n-6.  For  the  three  cases  of  no 
reactions,  0".  Ai  burned  with  reaction  and  100*.  ,\Z  burned  with  reaction, 
the  inversion  co  physical  space  is  shown  in  Figure  A-«. 

The  final  relation  necessary  to  complete  the  mixing  layer  compu¬ 
tation  is  the  u  ■  u  (x)  relation,  which  is  determined  by  a  calculation 

4D  * 

of  aluminum  consumption  i  n  the  core  flow.  Because  the  temperature  in  the 
core  is  nearly  linear  with  the  amount  of  aluminum  consumption  (see  Figure 
A-l),  a  linear  relation  between  the  velocity  and  amount  of  aluminum  con¬ 
sumption  is  quite  accurate;  vie . 
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where  u_  and  u__  arc  given  in  Table  A-l .  The  a luminum  will  be 

•  *1 

aaeumed  in  velocity  equilibrium  with  Che  core  gases  and  the  conaussptlon 
time  tor  an  aluminum  agglomerate  will  be  aaaumed  to  be  (Reference  A-4) 
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As luiaing  chat  che  overall  ciae  eo  burn  is  the  overall  reeult  of  che  process 
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where  K  end  n  ere  constant ,  it  aev  readily  be  worked  out  that 
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Upon  integration  and  use  of  Equation  A-2  the  formula  for  aluminum  consump- 
cion  la 

x  •  u  t  I  l-(m/m  )1/2|  ♦  f  (u  -u  )  f  fl-<m/m  )3/2  (A-22) 

*i  L  0  J  *  "o  "i  L  0  J 


A-2  Sample  Calculation 

To  proceed  with  an  actual  calculation,  two  things  are  necessary; 
a)  an  experimental  definition  of  the  outer  edge  of  the  mixing  tone,  and  b) 


A-4.  Belyaev,  A.  F. ,  B.  S.  Ermolaev,  A.  I.  Korotkov  and  Yu  V.  Frolov, 

"Combustion  Characteristics  of  Powdered  Aluminum,"  Plzika  Corenlya 
y  Vsryva,  Vol.  5,  No.  2  (1969),  (translation  in  Combustion,  Explo¬ 
sion  and  Shock  Waves,  Plenum  Publishing  Co.,  1972). 
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an  assumption  or  experimental  statement  of  the  extent  of  reaction  between 
0, ,  CO  and  H, .  In  chia  example  a)  the  outer  edge  la  defined  aa  the  atraight 
Una  where  h/h  haa  dropped  to  0.1  (the  temperature  haa  fallen  90”.  of 

Qt 

the  original  temperature  difference)  and  b)  there  is  no  reaction  between 
the  0,,  CO  and 

Concerning  the  aluminum,  this  calculation  assumes  a  uniaodal  agglom¬ 
erate  size  distribution.  For  this  calculation  D  *  100  _m  is  assumed. 

o 

Furthermore  T  “  300  k  is  assumed. 

Ste?  I 


Step  1  1 


a) 

t 

1 

H 

• 

la  computed  an  a  linear  function 

of  ra/n  using 

o 

1 

Figure 

A-l .  This  is  plotted  In  Figure 

A-fa. 

j 

b) 

u  (x) 

» 

is  computed  from  equation  A-21, 

This  is  plotted  in 

j 

Figure 

A- 5a . 

1 

1 

c  > 

n/a 

n 

is  plotted  as  function  of  axial 

distance  from  the 

i 

1 

propeLlant  from  liquation  A-3T  «nd  is  plotted  in  Figure  A-Sa. 

] 
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a)  Fron  Lhc  assumed  measurement,  Coho  y  /*  ■  *  tan  10°  as  the 
equation  cf  the  straigh.t  line  defining  the  outer  edge  of  the 
mixing  zone. 
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This  defines  the  inner  edge  of  the  mixing  rone.  From  Figure  A-4 

J  *  1  , 

y  'xh.  *  ”  9.'  at  the  inner  edge,  yiciuir.g  y  /x  *  0.1?  from  the 
known  mixing  coefficient.  The  two  straight  lines  dsfinlng  the 
mixing  region  are  shown  or  Figure  A-$b.  From  Figure  A-3a,  tevcrel 
positions  of  various  aluminum  consumption  are  shown  on  Figure  A*5b. 


Step  III 

a)  Choose  a  particular  axial  stacion,  hare  chocaa  at  the  x  * 
position  for  90'.  aluminum  consumption. 

b)  u  is  calculated  from  £ '  vs  on  Figure  A-2  with  u  -  u Jt' , 
uM  taken  from  Figure  A-5a  and  the  '  to  y  conversion  taken 
from  Figure  A-4.  The  result  is  plotted  on  Figure  A-5c. 

c)  The  enthalpy  profile  is  tekan  from  tha  Figure  A-3,  the  assump¬ 
tion  Is  made  that  h/h  m  T'T~»  ;  the  T,  to  v  conversion 

is  taken  fron  Figure  A-4.  The  result  is  plotted  on  Figure  A-5c. 

For  the  case  where  infinite  reaction  rates  between  the  0.,  and  CO 

and  H,,  are  assumed  the  calculation  procedure  proceeds  as  above,  but  the 
* 

calculation  of  che  enthalpy  profile  and  the  edge  of  the  mixing  layer  are 
alignclv  core  complex.  Tha  edge  of  the  mixing  layer  will  be  slightly  curved 
in  this  case,  and  lr.  Step  11 -a  it  is  necessary  to  specify  not  only  thac  the 

901  point  is  known  but  the  amount  of  aluminum  consumption  at  the  x-polnt. 

1  /  2 

The  reason  is  that  in  Step  II -c  an  interpolation  between  two  y/xKj.  ‘  vs 

1  / '/  ' 

curves  is  required  to  define  K,  In  Step  II -c  an  Interpol atlon  between 
two  h /h—  ve  *  curves  is  required.  In  Step  Ill-b  an  interpolation  Is  re¬ 
quired  or  Figure  A-4.  In  Step  111-c  interpolations  srs  required  on  Figures 
A-3  and  A-4,  It  is  recommended  that  the  value  of  K  deduced  in  Step  Il-a 
be  taken  as  a  constant  which  will  yield  a  slightly  curved  edge  to  the  nixing 
tone ,  owing  to  the  continuous  shift  in  the  curve  used  in  Figure  A-4. 

The  mass  fraction  of  tr.e  various  species  may  be  calculated  using 
Squat i on  A-17  or  equation  A-20  demanding  upon  the  leaction  state  whicn  is 
considered.  In  Equation  A-20 


NOMENCLATURE 
(Appendix  A) 


0^  Specific  heac  at  constant  pressure 

2  Aluninua  agglomerate  diameter 

o  o 

Enthalpy  of  formation  oi  species  1  at  T 

«T 

h  Sensible  enthalpy  above  reference  state,  ,  c  at 

T° 

Eddy  diffusivity  coefficient 
n  Hass  of  aluainian  agglotae rate 

p  Pressure 

T°  Reference  temperature  (air  temperature  1 

u  Velocity  in  x-direction 

v  Velocity  in  y-direction 

w  Transformed  vertical  velocity 

V  Molecular  weight 

x  Axial  coordinate  parallel  to  propellant  side 

v  Coordinate  perpendicular  to  propellant  side  with  origin  at  the 

propellant 

Maaa  fraction  of  1th,  species 

z  Transformed  vertical  coordinate 

6  Turbulent  eddv  diffualvitv 

v 

Incompressible  eddy  diffusivity 

Stolchimctric  coefficients  of  reaction  equation 

Density 

'V  Stream  unction 

Aluminum  bum  tloc 

Subscripts 

9 j  Point  at  which  h/h^  has  dropped  to  0.1 

10  Point  at  which  h/h  lias  dropped  to  0.? 

•  Hot  propellant  cora  conditions 

Cold  atmospheric  conditions 
Species  i 


1-C 


1 


Subscript*  (continued) 

0  Conditions  st  *"0 

1  Conditions  st  1001  aluainun  cooauaption 

Superscript 

'  L*ft  hand  aids  of  reaction  squati<» 

' '  sight  hard  aid*  of  reaction  aquation 


APPENDIX  B 
PHOTOGRAPHIC  METHODS 


3*1  Introduction 

Photography  was  used  extensively  as  a  research  tool  during  the 
course  of  this  investigation  for  numerous  reasons.  Photography,  especially 
with  the  use  of  telephoto  lenses,  is  a  remote  data  acquisition  system  and 
thus  no  components  are  threatened  with  destruction  by  the  hostile  environ¬ 
ment  of  the  propellant  fire.  It  also  provides  a  permanent  record  which 
can  be  analyzed  to  determine  plume  height  ar.d  burning  conditions  such  as 
one-dimensionality  of  the  burning  surface,  crosswind  effocts,  etc.  Photo¬ 
graphy  is  used  to  magnify  specific  areas  of  interest  within  the  combustion 
rone  and  reduce  the  light  Intensity  thus  revealing  details  which  are  not 
visible  to  the  naked  eye.  A  sequential  recording  of  events  such  as  depo¬ 
sition  or.  .1  test  object  which  occurs  over  a  relatively  long  period  can  be 
obtained  using  a  J3-rsa  camera  with  motorized  film  advance.  Sequential 
events  such  as  aluninum  shedding  from  the  burning  surface  which  occurs  over 
very  short  time  periods  can  be  recorded  using  a  high  speed  motion  picture 
camera.  More  importantly,  photography  can  stop  action,  that  is,  it  can 

_5 

reproduce  an  image  which  exists  for  as  short  a  time  as  10  second;  an 
image  which  the  human  eye  cannot;  resolve. 

The  photographic  equipment  used  in  this  research  is  described  in 
Section  3-2.  In  Sections  3-3  through  ?-6  the  appropriate  combinations 
of  cameras  and  lenses  for  photographing  various  regions  of  the  propellant 
fire  are  described.  Shutter  speeds  and  aperture  settings  for  various  fi.ns 
arc  also  given  in  thess  seccions.  In  Section  3-7  a  brief  explanation  of 
factors  governing  the  selection  of  films,  shutter  speeds  and  filters  is 
presented . 

3-2  Description  of  Equipment 

3urning  samples  of  IT?  3001  were  photographed  using  still  33-cn 
cameras  with  either  manual  or  motorized  film  advance  and  with  a  Ife-m 
h.ycam  motion  picture  camera.  Three  high-resolution  hlkkor  lenses  and  tvo 
Vivltar  lenses  were  used  interchangeably  for  the  still  and  motion  picture 
cameras . 
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B-2.1  Cottu: 

Nikon  F-l,  The  Nikon  F-l  It  a  single-lens  coflax  3  5 -am  camera 
with  through  cha  lana  light  natar  readings  and  ahuttar  (panda  of  2  aacooda 
to  0,001  second.  This  camara  vu  fittad  with  a  Nikon  motorised  back  which 
automatically  advance*  tha  film  and  cocka  tha  ahuttar.  Uaing  tha  motorised 
back,  photographs  can  ba  axpoaad  singly  or  aa  a  sequence  of  photographa  at 
aithar  1,  2,  3,  or  4  picturaa  par  aacond  (ppa).  Thia  back  holda  bulk  film 
rolla  which  will  parmit  250  axpoauraa  par  roll. 

Nlkkormat  EL.  Tha  Nikkormat  la  alao  a  single-lens  raflax  3 5 -am 
camara  with  ahuttar  apaada  of  2  aacooda  to  0.001  aacond.  Thia  camera 
haa  automatic  axpoeure  control  which  uaaa  a  batwaan  tha  lana  light  matar 
to  aalact  cha  correct  ahuttar  apaad.  Tha  light  amtar,  howavar,  avaragaa 
tha  light  lntanalty  batwaan  cha  bright  pluma  and  cha  dark  background  and 
thua  overexposes  tha  pluma  and  underaxpoeaa  tha  background.  Thus,  boat 
raaulta  wara  obtained  by  manual  (election  of  apartura  and  ahuttar  apaad. 

Honaywell  Pentax  Spotmatlc.  Tha  Pantax  la  alao  a  3 5 -a*  aingla- 
lana  reflax  with  through  tha  lana  light  motaring.  Tha  Pantax  waa  uaad 
primarily  aa  a  backup  camara  for  taata  with  10 -cm  diameter  propellant 
a amp lee. 

Rad  Lake  H yearn.  Tha  Hycam  ia  a  16 -mm  rotating  prlam  motion  picture 
camara.  Normal  motion  picture  camera#  (pin -type  Intermediate  apaad  fram¬ 
ing  camera#)  operate  on  a  principle  similar  to  tha  Nikon  F-l  with  motorised 
back,  only  at  higher  rataa.  Thua  the  film  advancaa,  atopa,  tha  ahuttar  la 
opened  and  tha  film  axpoaad,  tha  ahuttar  closes  and  cha  film  advances. 
Camaras  of  thia  type  are  lloi tad  to  about  500  ppa.  Tha  Hycam  (rotating 
prlam  camara)  moves  tha  film  continuously  batwaan  two  reals  and  tha  image 
la  synchronised  with  tha  film  movement  by  tha  use  of  a  rotating  prism. 

If  it  wara  not  for  cha  prlam,  tha  image  would  ba  smeared  across  the  film 
as  in  a  streak  camara.  In  fact,  by  reversing  tha  optics  and  avoiding  tha 
prism,  tha  Hycam  can  ba  uaad  as  s  streak  caaara.  Tha  Hycam  la  capable  of 
fllsdng  rataa  of  up  to  11,000  ppa  with  exposure  times  of  4  x  10  5  aacond. 
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3-2,2  Lenses: 


All  lenses  vere  used  Interchangeably  with  all  of  the  above  caaeras 
(both  35-tma  still  and  16-cm  movie')  using  adapters. 

Nikon  Zoom  Nikkor  (200-to  600-nn)  f/9.5  to  f/32.  This  lens  was 
Che  most  useful  one  for  these  teats.  Using  this  lens,  it  was  possible  to 
photograph  agglomerates  (200  microns)  on  the  burning  surface  from  a  dis¬ 
tance  of  2.5  asters.  It  was  also  used  for  photographing  agglomerate 
streaks  in  tube  tests. 

Nikon  Zoom  Nikkor  (43-  to  86-om)  f/3.5  to  f/22.  t’sed  with  chopper 
for  plume  photography. 

Nikon  Micro  Nikkor  (50-raa)  f/3.5  to  f/32.  Used  to  photograph 
apparatus  and  overall  plume  height  photos. 

Vlvitar  Automatic  Zoom  (80-  to  230-tan)  f/4.5  to  f/22.  Used  with 
Pentax  as  second  earners  in  tests  of  large  (10  centimeters)  propellant 
samples . 

Vlvitar  Automatic  85-nrr,  lens,  f/1.9  to  £ / If*.  Used  with  Hvcan  camera 
to  photograph  agglomerates  leaving  the  burning  surface  in  the  window  bomb. 

3-2.3  Films: 

All  photography  was  carried  out  using  Xodak  films,  “or  the  35-Tan 
cameras,  high-speed  Ektachrome  'F.  1-135,  ASA  160),  Ektachrome  20C  (F.D-135, 
ASA  200),  and  F.ktachrooe  X  (EX-135,  ASA  32)  color  fllaa  and  Plus-X  (PX-135, 
ASA  160)  black  and  white  film  were  used.  The  motorized  bock  was  loaded 
with  250-exposure  rolls  of  Ektachrome  F.R  (ASA  lb0>,  a  color  film,  similar 
to  high-speed  Ektachrome,  available  In  bulk  rolls.  The  Hycan  camera  was 
loaded  with  either  Ektachrome  EF-430  (ASA’.oO)  or  EF3-430  (ASA  125)  color 
ft  Ins  or  Tri-X  TXR  (ASA  160)  black  and  white  film. 

3-3  Photography  of  the  Entire  Plume 

Initial  photographic  experiments  involved  photography  of  the  entire 
plume  to  determine  plume  height  and  methods  of  obtaining  columnar  plumes, 
i.e.,  avoid  edge  burning.  For  these  tests  either  the  Nikkormat  F.L  camera 
with  an  8f'-na  lens  or  the  Tentax  camera  •.•ith  the  80-  to  23C-m  lens  was 
used.  These  same  cameras  and  lenses  were  also  used  in  the  chopper  tests 
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(see  Figure  10).  When  using  fast  films  (ASA  125*200)  camera  settings 
were  0.001  second  at  f/16  and  when  using  moderate  films  (ASA  32)  secrlngs 
of  0,001  second  at  f/3.5  or  f/4.5  were  acceptable.  All  settings  should 
be  considered  as  base  line  settings.  During  the  run  several  shots  at  the 
next  larger  and  next  smaller  aperture  settings  should  be  taken.  For  exam¬ 
ple,  with  Ekcachrome  X  (ASA  32)  with  a  shutter  spead  of  0.001  second, 
several  exposures  would  be  made  at  apertures  of  f/3.5,  f/4.5,  and  f/5.6. 

B-4  Photography  of  the  Burning  Surface 

Still  photographs  of  the  burning  surfaca  were  taken  with  a  Nikon 
camera  with  the  600-tsn  Nlkkor  lens.  These  photographs  were  taken  to  ob¬ 
serve  aluminum  burning  on  the  surface  (see  Figures  12,  14,  end  23),  to 
test  the  effectiveness  of  edge  burning  inhibitors  (Figures  9  versus  13) 
and  smoke  trails  from  agglomerates  on  the  surface  (Figure  13).  For  fast 
film  (ASA  125-2C0)  a  shutter  speed  of  0.001  second  and  aperture  of  f/32 
and  for  moderate  films,  a  shutter  speed  of  0.001  second  and  aperture  of 

r / 1 1  or  f/16  are  rutotamenJed  as  base  line  settings  with  the  600-m  lens. 

For  detailed  examination  of  aluminum  agglomeration  on  the  surface, 
a  small  sample  (7.6-m  by  6.6-nn  by  2-nus)  of  UTP  3001  was  mounted  in  the 
combustion  borab.  The  combustion  bomb  (see  Figure  B-l)  had  two  quartz 
windows,  one  for  additional  Illumination  of  the  sample  from  a  2500  watt 
Xenon  lamp  r.nd  the  other  for  photography.  A  nitrogen  flushing  flow  was 
used  to  prevent  smoke  obscuration.  The  burning  surface  was  photographed 

with  the  iiycan  movie  camera  sec  for  2,000  pps .  The  Vlvitar  85-ma  lens 

was  reversed  and  mounted  on  a  70-wm  extension  tube  to  obtain  a  2  to  1 
magnification  ratio.  1'sing  Trl-X  film  (ASA  160)  and  the  Xenon  lamp,  an 
aperture  of  f/4  gave  a  satisfactory  exposure.  These  movies  (see  Figure 
B-2)  were  used  to  measure  the  size  of  agglomerates  leaving  the  burning 
surface . 

B-5  Photography  of  Agglomerates  In  the  Plume 

Tie  apparatus  used  for  photography  of  agglomerates  at  different 
distances  from  the  burning  surface  Is  described  in  Appendix  F.  Initial 
photography  was  by  Nikon  camera  with  the  600-nta  lens  using  Panatomic  X 
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Figure  H-l.  Combustion  bomb  wit’. 


'•yearn  camera  and  xenon  lamp 


Figure  B-2.  Agglomerates  burning  on  the  surface  of  ITP  3001. 


(ASA  32)  film  at  0.001  second  and  f/16  to  f/32.  For  motion  pictures 
using  the  Hycaa  camera,  Ektachroma  EFB  film,  tod  tha  6 00 -me  l  ana  sat  at 
C/22,  a  framing  rata  of  4,000  ppa  la  recommended  for  diatancaa  of  IS  ca 
or  laaa  tram  tha  burning  aurfaca  and  2,000  ppa  for  diatancaa  graatar  than 
IS  ca.  In  Section  B-7,  tha  raaaon  for  dacraaalng  exposure  tlaa  la  die* 
cuaaad, 

B-6  Photography  of  Dapoaitlon  of  Condanaad  Phaaa  Material  on  Teat  Objects 

Ac  noted  la  tha  text,  dapoaitlon  of  condanaad  phaaa  material  is  a 
major  source  of  hast  transfer  to  abjacts  in  tha  fire  environment .  Several 
exploratory  testa  war#  conducted  with  simple  teat  objects  (roda)  lameraed 
in  the  plum  at  various  distances  from  the  surface.  Sequencea  of  photo- 
graphs  wars  taken  (sea  Figure  24)  using  tha  Mlkoo  F  with  motorised  back 
and  tha  600 -sat  Nikkor  lens.  Tha  film  was  automatically  exposed  for  0.001 
second  every  second  (1  ppa)  using  an  aperture  of  f/32. 

B-7  Resolving  Moving  Objects 

The  subject  field  to  be  photographed  in  these  studies  was  self- 
luminous,  end  bright,  hence  easy  to  photograph.  However,  the  motion  of 
the  objects  to  be  resolved  and  their  email  sice  poees  a  severe  problem  of 
stopping  the  motion.  In  addition,  tha  flald  of  view  consists  of  a  clwd 
of  aluminum  oxide  smoke  (droplets  too  small  to  resolve)  and  burning  alum¬ 
inum  droplets  (tdiich  need  to  be  resolved);  Che  smoke  tends  to  obscure  the 
aluminum  droplets.  S jo*  skill  la  required  to  assure  image  contrast  between 
the  aluminum  droplets  tad  the  smoke. 

B-7 . 1  Stopping  Modem 

Relative  to  stopping  motion,  the  problem  Is  that  resolution  is 
required  for  droplets  150  in  diameter  mowing  15000000  um  per  second. 

Evan  if  tha  goal  vers  taaraly  to  limit  smear  of  the  image  Co  101  of  the 
droplat  diameter,  this  would  require  an  axposure  time  of  one  microsecond 
or  leas.  Ho  effort  was  made  to  achlave  this.  Instead ,  photography  of 
droplets  was  done  near  to  tha  burning  surface,  vnere  velocity  of  droplets 
was  still  low  (Figure  35).  There,  motion  pictures  et  2,150  frames  per 
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second  were  used  (Section  12).  For  photography  further  out  in  the  plume, 

pictures  of  droplets  consisted  of  bars  or  streaks,  the  length  of  which  was 

5 

used  for  velocity  measurement .  At  15  n/sec,  a  lS0-_c  droplet  moves  10 
diameters  per  second,  or  100  diameters  in  a  0.001  second  camera  exposure. 
UTiile  there  sre  custom-built  drum  ctmeras  that  take  pictures  sc  speeds 
high  enough  to  scop  notion  (resolve)  of  the  aluminum  droplets,  they  are 
not  generally  available,  Involve  other  experimental  problems,  and  were 
not  critical  to  the  objectives.  In  the  present  work  still  camera  shots 
at  0.01  to  0.001  second  exposures  were  used.  In  addition,  the  Hycaa 
notion  picture  camera  was  used  at  2,150  pictures  per  second,  and  can  be 
used  in  future  tests  at  rates  up  to  10,'. '00  pictures  per  second. 

B-7.2  Proper  riln  Exposure 

Another  pjobleta  In  resolving  the  aluminas  droplets  was  the  presence 
cl  an  Al,0  smoke  cloud,  which  tended  to  obscure  the  embedded  aluminum 
droplets.  I'.c  smoke  cloud  was  part  e£  the  combustion  plume,  und  was  hot 
and  luminous.  There  was  a  tendency  to  expose  the  ilia  properly  for  the 
smoke  luminosity,  which  left  very  little  latitude  in  the  film  response  to 
resolve  the  brighter  a  1. mi  nun  droplets  pset  Section  5),  which  were  then 
overexposed .  This  was  not  such  a  serious  problem  in  the  high-speed  motion 
pictures  because  o,  the  short  exposure  time,  and  low  smoke  density  in  the 
case  of  pictures  near  the  burning  s.rtuco. 

5-7.3  Contrast  for  Moving  Ob Jec L -Cent inuous  Background  Situation 

There  was  a  more  s;bcic  problem  than  overexposure  involved  in 
resolving  burning  aluminum  droplets  ; :■  the  smoke  field,  which  was  described 
briefly  in  Section  b.f.  The  problem  arose  from  the  fact  that  the  total 
radiation  reaching  a  point  on  the  film  consisted  of  radiation  from  both 
smoke  and  burning  aluminum  droplets.  The  earlier  discussion  showed  that 
the  radiation  frer,  the  droplet  lasted  only  about  10  "  second,  whereas  the 
smoke  field  Illumination  lasted  for  the  full  open- shutter  time.  This 
resulted  in  i  very  low  contrast  between  droplet  streak  and  smoke  background, 
unless  the  agglomerate  was  much  brighter  than  the  smoke  or  the  camera 
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shutte*"  tia*  was  very  abort  (e.g.,  10  5  second),  or  both. 

The  forgoing  la  illustrated  by  eh*  ■  lap  la  aaalyala  of  flla  expo- 
aur*.  If  cha  radiant  flux  reaching  the  flla  la  1^  for  smoke  and  1^ 
for  agglomerates,  chan  cha  total  axpoaur*  (par  unit  araa)  at  a  point 
whara  an  alualnuB  droplet  imago  paaaaa  during  exposure  la 
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whara  At  la  cha  shucter*op*n  tlaa;  6c  la  cha  time  for  tha  image  of  a 
burning  drop lac  co  nova  ona  diameter  (fit  “  D/v);  and  1^  and  1^  ara 
aaauaad  Co  ba  time-averaged  values.  1C  wai  noted  earlier  that  D/v  was 
of  order  10  ^  aacocd,  but  larger  near  tha  burning  aurfaca  whara  v  la  low. 

Now  cha  contrast  between  image  points  where  *  burning  droplet  paaaaa 
and  adjoining  polnca  la  given  by 
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Frau  this  expression,  cha  contrast  la  high  if  (l,/l  >  (6t/At)  la  large 
coopered  co  1.  As  noted  in  Sections  3  and  6,  (Lj/l^)  may  ba  quite  Urge; 

however  6c /At  tends  co  be  very  small.  Good  pictures  of  burning  droplets 
in  cha  plume  region  require  that  vary  shore  axpoaur*  clues  be  used,  or  Chat 
plcturea  be  caken  at  locations  where  droplet  velocity  is  still  low,  or  that 
Che  sssoka  be  blown  away  as  in  Figure  10.  As  a  uatcar  of  intaraat,  operation 
of  tha  Hycau  camera  a*  a  streak  or  suaar  camera  is  one  way  to  reduce  At 
down  co  the  eeae  order  as  fit,  alnca  At  becouea  the  due  for  a  point  on 
cha  moving  flla  to  traverse  the  width  of  the  viewing  slit. 

8*7.4  Selection  of  Fils  and  flltars 

Choice  of  flla  (it  e  choice  is  available)  is  governed  by  two  con* 
strelnts.  It  oust  he  fast  enough  co  be  exposed  during  the  short  exposure 
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times  and  it  sunt  be  slow  enough  so  that  It  is  not  overexposed. 

Kodak  nmuf actures  three  films  for  the  Hycaa  camera:  EF  and  EF3 
(color  films);  and  Trl-X  (black  and  white).  EF3  is  balanced  for  tungsten 
illumination  and  this  film  was  used  primarily  for  photographing  agglom¬ 
erates  in  the  plume  since  the  tungsten  balancing  makes  EF3  more  sensitive 
to  i,  thereby  increasing  the  ratio  of  i^  to  over  EF  film. 

There  is  a  much  larger  selection  of  films  for  ?3-wn  still  cameras. 
Exposure  guidelines  for  seme  of  these  films  have  been  re  oricd  in  Sections 
3-3  through  3-6.  Acceptable  results  have  been  obtained  for  most  films. 

In  Section  3-6  it  was  recommended  that  a  shutter  speed  of  0.001 
second  and  aperture  of  f/32  bo  used  with  fast  films  when  using  the  6C0-m 

lens  to  photograph  the  plume.  Even  with  these  settings,  the  film  is 

slightly  overexposed  but  since  this  is  the  minimum  exposure  time  and  mini¬ 
mum  aperture  it  is  necessary  either  to  use  neutral  density  filter  or  use 
a  slower  co.cr  film.  Scnce  filters  for  the  t-'O-mn  l*;;s  arc  very  expensive 
ar.d  vary  hard  to  obtain,  t  he  use  of  a  slower  color  film  is  re  co-mended . 

Filters  would  also  be  useful  in  maximising  contrast  as  expressed 
by  Equation  3-2. 

3-2.3  Color  Contrast 

The  temperature  responsible  for  the  ;igpior*r.itc  luminosity  was  much 
higher  than  Che  tempi rature  of  the  smoke  background  '.Figure  2  b  ' .  As  a  re¬ 
sult,  the  ratio  1 / 1 . ,  which  varied  as  the  £  urth  paver  of  the  ratio  of 

»  i 

these  tempo  rat u re s ,  tended  to  be  much  larger  than  1.  In  addition,  the 
agglomerate  radiation  cau  shifted  to  shorter  wavelength  (rifiore  30;.  As 
a  result  the  ratio  of  intensities  at  short  wavelength  was  greater  than  tne 
ratio  of  total  radiation.  Thus  narrow  band  photography  at  short  wavelength 
by  use  of  filters  would  give  better  contrsst.  This  technique  was  explored 
only  superficially,  but  would  probably  help  in  marginal  situations. 


HOCNCUIUU 
(Appendix  B) 

D  Disaster  of  agglaaarate 

1^  Red  1  ant  flux  froa  moke  per  unit  area  per  unit  else  reaching  ceaera 

1.  Radiant  flux  froa  agglaaerataa  per  unit  area  per  unit  else  reaching 

Che  ceaera 

ppa  Picture*  per  second 

Q  FI  la  axpoeur*  per  vnlt  area  froa  eaoke  and  an  agglaaarate 

Q|  FI  la  axpoaure  per  unit  area  froa  aaoke 

FI  la  axpoaure  per  unit  area  froa  an  aggloaereta 

v  Velocity  of  agglaaarate 

t  Tlao 

At  Incraaant  of  tlas  the  shutter  le  open 

fit  Tlae  for  laaga  of  an  agglcoerate  to  nova  one  agglaaarate  diameter 
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APPENDIX  C 

EXPERIMENTAL  DETERMINATION  OF 
DROPLET  SITE  DISTF.Iol'TIONS 


C-l  Introduction 

Civen  tha  importance  of  droplet  impingement  as  a  means  of  damaging 
objects  immersed  in  the  fire  environment,  considerable  effort  was  devoted 
to  determination  or  the  droplet  population.  This  was  done  by  observation 
of  the  initial  population  (rear  the  burning  surface'  photographically. 

This  led  to  an  Initial  site  distribution  that  was,  needed  for  calculation 
of  downstream  populations  (Sections  9  and  101.  In  addition,  samples  were 
collected  directly  from  the  plume  at  different  distances  from  the  burning 
surface,  and  studied  for  else  distribution,  m.tss,  portion  that  is  aluminum, 
ar.d  nature  of  droplets.  In  the  following,  the  sample  collection  Is  des¬ 
cribed  first,  and  then  the  rhoto.  raphlc  studies  ere  detailed, 

C-l  Collection  of  Sample 

The  purpose  was  to  obtain  samples  of  aluminum  a.nu  aluminum  oxide 
from  enclosed  plumes  of  burning  '-cm  diameter  samples  of  aluminized  pro¬ 
pellants.  The  objective  was  to  collect  bigp.er  particles  (?_-dixr.eter  and 
up'  and  to  hoep  the  samples  as  clean  as  possible  lor  subsequent  study  ci 
si:*  and  m-.ss  distribution, 

C-2.1  : .<  per  icon  l  al  Setup 

The  products  fro-,  a  dc-vn-f  1  -wing  plume  of  a  solid  propellant  piece, 
burning  upside  down;  in  a  f*cm  diameter  stainless  stool  tube,  vvre  received 
into  a  bowl  o:  alcohol,  Alcohol  was  used  here  as  il  quenched  the  c^idonsed 
droplets  without  shattering  the:-,  ,\  part  of  the  whole  plume  was  quenched 
depending  on  the  method.  The  sample  collected  in  alcohol  was  washed  and 
dried  alter  the  test. 

The  tists  described  vote  developed  over  a  period  of  time.  Three 
collecting  the  quenc.ed  particles  were  c  jr.sldered ,  The  sample 
of  solid  propellant  csed  lr,  those  three  methods  was  the  same  shape  and  sire. 

'.'no  sample  was  of  i-cm  lixmcter  and  2.21-cm  thick,  weighing  approxi- 
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mealy  43  | .  It  vu  placed  in  a  stainless  steel  tuba  backed  up  by  apoxy 
to  hold  It  la  placa.  Tha  samples  vara  inhibited  around  tha  cylindrical 
fact  by  papar  tapa  and  no  lgaltar  paata  waa  uaad,  Tha  average  burning 
surface  of  tha  aaapla  waa  placad  at  a  given  diatanca  (7.6  ca,  13.2  ca. 

22.8  ca,  30.3  ca)  away  froa  tha  alcohol  aurfaca. 

Tha  alcohol  to  quench  tha  condensed  phaaa  aatarlal  waa  In  a  collection 
bowl.  Tha  collection  bowl  for  each  of  tha  three  aathoda  differed  bacauaa  of 
tha  nature  and  poeitlon  of  tha  pluaa  to  ba  quenched  in  each  caaa. 

The  firat  ai  the  collection  aathoda  involved  tha  whole  pluaa  imping¬ 
ing  onto  an  alcohol  pool.  Tha  haavy  partlclas  wara  expected  to  go  down 
undar  gravity,  whlla  tha  lightar  smoke  partlclas  wara  axpected  to  turn 
with  cha  gaa  flow  and  escape.  Tha  col lection  bowl  for  this  la  shown 
in  Flgura  47a.  Tha  baaa  consisted  of  a  ataal  dish  with  a  f rust run  shaped 
interior  to  increase  tha  depth  of  alcohol  Just  balow  tha  aaapla.  Tha  outer 
dlaaatar  of  this  dish  vaa  approximate  13  ca.  It  held  and  supported  another 
ataal  cylinder  that  provided  an  adequate  wall  to  confine  the  fire. 

Tha  exit  of  tha  steal  tuba  holding  tha  aaapla  waa  about  2.3  caa 
above  tha  alcohol  lavel.  Directly  undar  tha  aaapla  where  alcohol  dc 
waa  tha  greatest,  a  Teflon  diac  of  5.0-cm  dlaaatar  vaa  placed  to  avolu 
any  sintering  of  cha  condensed  phase  aatarlal  onto  tha  natal  bottoa.  Tha 
tendency  towards  this  deertesed  as  tha  diatanca  froa  tha  burning  surface 
increased. 

Tha  outer  cylinder  waa  provldtd  with  a  haliua  flush  for  tha  purposes 
of  avoiding  cocbustibla  alcohol-air  mixtures  in  tha  apparatus,  and  extin¬ 
guishing  alcohol  lira*  aftar  tha  test. 

It  waa  obaarved  during  casts  that  substantial  aaounta  of  burning 
alunlnua  wara  present  lr.  tha  defleccad  flow  froa  the  apparatus  during 
testa.  Uslghinga  of  the  eollacted  aatarlal  in  tha  quench  reservoir  showed 
collection  efficiency  of  only  about  167.,  an  out  com  that  raised  sooa  ques¬ 
tions  about  cha  tntsiprecaelon  of  results,  as  noted  in  later  discussion. 
Although  It  was  concluded  that  a  modification  of  tha  experiment  would  yield 
more  decisive  reeulte,  most  of  the  experimental  results  ware  obtained  with 
the  first  setup. 
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The  second  collection  setup  was  contrived  to  avoid  unwanted  properties 
of  the  Hirst  setup.  The  second  setup  (Figure  C-i)  was  designed  to  collect 
samples  on  the  axis  of  the  combustion  plume,  where  it  was  postulated  that: 

a)  The  sample  was  least  affected  by  the  wall  effects  of  the 
combustion  tube. 

b)  The  collected  sample  was  least  deflected  by  radial  deflection 
in  the  exhaust  flow,  hence  might  be  nost  representative  of  undisturbed 
flow. 

c)  The  sample  would  be  quenched  in  an  inert  gar  before  Impinge* 
ment  on  the  alcohol. 

Limited  tests  by  this  method  yielded  particles  that  seemed  to  be  good  re¬ 
presentatives  of  the  flow,  but  no  systematic  tests  or  optimization  of  design 
were  carried  out. 

A  thl rd  method  vas  developed  concurrently  with  the  second  ore,  and 
was  designed  to  coll.-ct  more  of  the  condensed  phase  material  In  the  alcohol. 
T!,j  arrangement  ("inure  -?b'  was  much  like  the  first  cne,  except  that  pro¬ 
vision  was  made  for  n  larger  reservoir  of  alco.rol  and  percolation  of  the 
entire  propellant  ex."  aw  sc  through  the  reservoir,  Preliminary  tests  in 
this  experimental  setup  yielded  a  ICO',  collection  efficiency,  but  the  num¬ 
ber  of  tests  was  too  few  f ?r  systematic  processing  of  samples.  Alcohol-air 
fires  were  sore  cf  a  problem  in  this  arrangement. 

C-2.2  Test  Procedure 

In  each  of  the  experimental  setups,  the  propellant  sample  was  weighed 
before  the  test.  It  was  mounted  in  the  c.unbvsti  ,'P.  tube  at  the  desired  dis¬ 
tance  from  the  exit.  The  sides  of  the  sample  wore  inhibited  ov  vaseline  or 
paper  tape  or  both.  The  paper  tape  wa*  sometimes  •■r.cd  to  make  the  sample 
fit  snugly  in  the  tube.  Ignition  was  accomplished  by  using  ignition  wire 
which  hasted  the  surface  of  the  propellant  locally  to  a  toxpersture  at  which 
the  propellant  ignited.  In  order  to  ensure  t.nat  fire  ypreao  all  over  ti.u 
Surface  quickly,  an  igniter  paste  w..s  used.  The  combustion  products  of  the 
igniter  paste  were  blown  away  or  were  vasntsd  away  in  the  clearing  of  the 
s  amp  1 e . 


Flgura  C 


•l.  Exf*ri««nt*l  ••tap  for  on-url«  coll«cti<*. 
(All  n*Mur««»ot»  in  c«ncia*t«r» . ) 
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C-2.3  Cleaning  and  Drying  the  Sample 

The  sample*  collected  at  the  end  of  te9ts  contained  mainly  alcohol, 
suspended  particles  ar.d  other  chemicals  such  as  HCl.  It  was  necessary 
that  particles  of  interest  be  separated  from  active  Ingredients.  In  order 
to  do  that,  the  acids  and  other  soluble  chemicals  were  scrubbed  off  with 
water.  Then  Che  water  moist  suspension  was  scrubbed  with  alcohol  again  In 
order  to  remove  moisture  era  make  drying  easier. 

A  general  procedure  is  described  below. 

1.  Pour  and  rinse  the  contents  of  the  collection  bowl  into  a  glass 

Jar. 

2.  Remove  the  liquid  from  the  mixture.  This  can.  be  done  using  a 
syringe  after  allowing  it  to  settle  for  some  time.  In  the  third  method, 
however,  filtering  is  required  to  remove  the  liquid  as  the  volume  of  liquid 
involved  la  too  large  Co  be  handled  by  the  syringe.  Also,  it  takes  too 
long  and  reactions  might  occur  which  are  not  desirable. 

3.  -ash  to  residual  with  water  and  remove  liquid  again,  either  by 
a  syringe  or  by  filtering.  This  way  major  amounts  of  chemicals  soluble  in 
water  are  removed.  Three  or  four  repetitions  of  water*scr'ihtMng  will  assure 
a  sample  almost  free  of  HC1  and  other  such  chemicals. 

A.  Tne  residual  sample  from  step  3  is  washed  with  alcohol  to  remove 
water.  Again,  three  or  four  repetitions  will  remove  almost  all  of  the  nois- 
turt. 

3.  Pour  out  the  mixture  of  aKeh.cl  ar.d  particulate  matter  onto  a 
flat  dish  (usually  a  petri  dish;  end  ..Jl.’v  it  to  dry. 

03  Characferitation  of  Sample 

Tne  entire  sample  was  weighed  initially.  Trie  weight  was  ncrrojllted 
with  respect  to  the  unit  weight  of  aluminum  in  the  original  propellant 
sample  to).  A  plot  of  this  quantity  against  the  burning  distance  for  the 
first  alcohol  impingement  plume  method  is  prerenteu  in  Figure  C*2. 

C-3.2  Microscopic  Observe^  -i  end  Photography  of  Unsized  Sample 

The  entire  sample  wa  observed  under  microscope  and  consents  vert 
made  regarding  its  anpearnr.ee  and  other  visual  characteristics.  The  sample 
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contained  the  following  types  of  particles: 

Shiny  particles  of  irregular  shapes,  mostly  sintered  together. 

This  part  contained  noatlv  aluminum  and  had  hardly  had  a  chance  to  bum. 
These  cane  in  large  sites  (150  -  up). 

Shiny  and  gray  aluminum  balls  with  oxide  caps  on  them.  These 
come  in  all  sizes.  They  were  essentially  spherical.  They  contained  more 
aluminum  than  oxide,  but  the  oxide  proportion  was  not  necessarily  small. 

Translucent  oxide  balls  with  little  or  no  aluminum  attached  to  them. 
These  are  called  the  residual  oxides  in  the  text.  These  resulted  from 
complete  burn-out  or  possible  spewing  of  oxide  from  large  aluminum  drop¬ 
lets.  They  were  mostly  smaller  than  about  30  -.  Typical  pictures  are 
shown  in  Figure  C-3. 

C-3. 3  Mas*  and  Sire  Distribution  Analysis 

In  order  to  study  the  burning  history  and  further  fire  characteris¬ 
tics,  the  sire,  shape  and  mass  distribution  of  the  particles  had  to  he 
known.  Tse  collected  sample  was,  therefore,  divld  J  into  subintervals  of 
varying  sizes  by  sieving  the  sample  through  a  nui.ibe'.  0‘  screens.  The  grid 
column  used  in  the  present  analysis  Is  shown  in  Figure  d-d.  The  sample 
was  placed  on  the  topmost  screen  and  the  column  was  shaV.cn  so  that  loosely 
sticking  particles  would  separate. 

The  weights  of  samples  on  top  of  each,  screen  were  noted.  Thu  parti¬ 
cles  bigger  chan  tO)  ..  were  alv.v.s  some  c on.!) ln.it ion  of  smaller  particles. 
Therefore,  the  weight  of  the  particles  in  this,  Interval  was  distributed  to 
all  Che  intervals  in.  proportion  of  their  individual  weights.  Thus  we  had 
a  set  of  corrected  weignts  £ 01  all  the  intervals.  The  weights  were  nor¬ 
malized  by  the  amount  of  aluminum  present  in  the  original  propellant  sample. 
The  mass  distribution  over  unequal  intervals  was  hard  tc  compare.  There¬ 
fore,  the  normalised  weights  in  each  interval  vers  further  divided  by  the 
sire  of  that  Interval,  thus  arriving  at  tr.e  following  quantity  (weight  of 
the  sample  per  micron  of  the  interval  per  unit  weight  of  aluminum  in 
original  sample t. 

Plotted  over  ths  particle  s;:e,  this  gave  us  the  histograms  shown 
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Figure  C-4.  Grid  colu:mi  used  to  separate  the  sample  into 
•lie  Intervals.  (All  figure*  in  aicrona.) 


In  Figur*  48. 

Ploti  of  chla  bub  fraction  against  cha  burning  distinct  for  a 
glvan  Interval  art  shown  in  Flgura  C-5. 

C-3.4  Microscopic  Observation  of  Each  Interval  for  Impinging  Pluaa  Method 

A  saaple  In  each  Interval  was  separately  observed  in  the  microscope 
in  order  to  oaks  consent  on  its  visual  characterization. 

1.  Size  Interval  D  >  600  u. 

This  Interval  mainly  contained  irregularly  shaped  shiny  material  and 
smaller  balls  sintered  together. 

2.  Size  interval  180  y  <  D  <  600  u- 

This  Interval  contained  Irregularly  shaped  shiny  pieces  and  spherical 
particles.  Some  of  the  balls  were  sintered  together  with  the  shapeless 
material. 

3.  Size  interval  149  u  <  D  <  180  t*. 

This  interval  mainly  contained  spherical  particles.  Some  of  the 
spherical  particles  were  gray  with  oxide  caps  attached  to  them  and  others 
appeared  metallic  and  shiny.  Some  smaller  shiny  balls  were  found  sintered 
together  with  irregularly  shaped  shiny  particles. 

4.  Size  Interval  12S  -  D  <  149 

This  interval  mostly  contained  spherical  particles  both  gray  and 
shiny.  The  spherical  particles  had  oxide  caps  on  them.  Small  amounts  of 
lrragularly  shaped  shiny  macerlal  wera  sometimes  found  slntarad  on  tha 
spherical  particles. 

3.  Size  interval  90  ^  <  D  <  125  u. 

This  interval  contained  gray  spherical  pertlcles  with  oxide  caps. 
Thare  were  a  few  shiny  balls  Dresent  along  with  irregularly  shaped  ahlny 
materiel. 

6.  Site  interval  63  w  <  D  <  90  u. 

This  interval  contained  gray  spherical  particles  with  oxide  ceps 
on  thsm.  Thare  were  some  shiny  balls  connected  together  with  other  shiny 
material. 

7.  Size  Interval  43  a  <  D  <  63  u. 


006 

005 

004 


002 


This  interval  contained  mostly  spherical  particles  and  little 
irregularly  shaped  material.  Gray  and  shiny  balls  were  seen  in  various 
sires.  Additionally ,  some  vhice  translucent  balls  were  evident  in  this 
sire  interval.  These  were  non-metallic  in  their  appearance. 

$.  Siae  Interval  37  -  <  0  *t  45  _. 

Tills  interval  contained  gray  and  shiny  balls  in  equal  proportion. 
Soese  translucent  oxide  balls  were  also  observed, 

9.  Sire  interval  0  **  D  *-  37  ... 

The  fraction  of  white  translucent  balls  In  this  Interval  was  more 
than  the  previous  one.  All  the  particles  were  regular  lr.  their  shapt  . 

Typical  photographs  are  shewn  in  "igurr  C-o, 

0*3.5  Analysts  of  Amounts  of  Aluminum  Present  in  the  dul let  ted  Sample 

Th.c  collected  sample  contained  the  following  types  of  particles. 

1.  Aluminum  particles  with,  thin  layer  of  oxide. 

2.  Aluminum  particles  vlt:»  thick  layers  of  oxide  or  cxide  ca;s. 

3.  Oxide  balls  with  little  or  no  free  aluminum  on  them. 

Th c  sire  distributism  o:  the  total  sam;  i o ,  therefore,  did  not  gi”e 
•he  entire  pf  turc  of  tie  \  luninua  content  ..*  the  smaller  intervals  had 
ore  oxide  balls  than  i.n  the  larger  intervals. 

To  ilnd  the  actual  aluminum  content  of  tie  sample,  one  must  separat 
oxide  frexa  the  metal  and  this  is  very  difficult  without  destroying  the 
sample.  A  flotation  methwj  ;s  thought  to  b<?  possible,  but  has  not  been 
explored.  Instead,  a  relatively  easy  method  of  acid  etching  the  sample 
chemical!/  was  used.  Since  the  aluminum  lr.  the  sample  was  eaten  away, 
this  test  wns  performed  after  all  the  other  observations  were  made  (photo* 
graph/,  etc.  3. 

Th*  procedure  was  to  allow  the  V.Cl  (20'.)  to  react  with  the  sample 
for  about  15  minutes.  it  this  strength.  ifCl  has  relatively  no  reaction 
with  the  bigger  oxides  or  thick  oxide  lavers.  It  does,  however,  break 
through  the  gaps  in  the  thin  oxide  layer  and  react  with  th.c  metal.  Vigor¬ 
ous  bubbling  followed  by  il:wcr  reaction  takes  place.  Tic  gas  given  out 
is  hydrogen  so  care  nr:st  be  taken  while  conducting  these  tests. 
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Attar  about  13  minutes,  alaoat  all  of  tha  aluminum  it  reacted  to 
aolubla  Al  Cl.  TM»  mixture  la  filtered  and  rinsed  with  watar  aavaral 
times.  Tha  residue  on  tha  flltar  pa par  la  dried  In  a  desiccator 
and  weighed.  Tha  dlffaranca  batwaan  tha  weight  of  original  sample  and 
thla  raaldua  glvaa  tha  weight  of  aluminum  in  tha  sample. 

Thla  glvaa  tha  fraction  or  percent  of  aluminum  In  that  aaapla. 

Thaaa  figure*  an  uaad  to  calculata  tha  vmlght  of  alualnua  aatal  In  tha 
corractad  weight  of  aaapla  In  each  Interval.  Thla.  than,  la  normalized 
with  raapact  to  tha  weight  of  alualnua  In  tha  original  aaapla,  Tha  aua  of 
weight*  In  all  tha  interval*  give*  total  alualnua  at  that  dlatance  which 
la  shown  again at  dlatanca  In  Figure  *9. 

C-4  Photographic  Dataralnatlon  of  Initial  Droplet  Slaa 

Datarainatlon  of  tha  population  of  condensed  phase  material  In  tha 
combustion  tone  has  tvo  general  purpose*.  On*  la  to  know  f roca  direct  ob¬ 
servation  what  la  present  that  is  likely  to  experience  impingement  on  ob¬ 
ject*  in  the  flaaa.  The  other  la  to  verify  tha  conceptual  pattern  of  how 
the  population  of  droplets  occur*,  and  how  It  change*  with  location  In  tha 
combuarlan  zoos.  Sections  8  through  10  establish  an  analytical  scheme , 
embodying  tha  concept*  of  how  the  population  change*  during  burning,  a  pro¬ 
cedure  by  which  tha  result*  of  experiment*  end  of  analysis  can  mutually 
support  and  correct  each  ocher.  However,  the  population  calculation  pro¬ 
cedure  presumes  that  tha  initial  aluminum  droplet  size  distribution  la 
determined  independent. ly  and  adequately.  The  moat  accurate  means  available 
appeared  to  be  high-resolution  photography  of  the  aluminum  immediately 
above  the  burning  surface,  where  observational  conditions  are,  fortunately, 
quite  favorable.  The  following  describee  tha  procedures  uaad,  and  results. 

Combustion  photography  near  tha  burning  surface  was  widely  used,  and 
tha  procedure  used  hare  was  fairly  rcxjtlna.  Tha  physical  setup  is  described 
in  Section  12  and  Appendix  B.  The  motion  of  the  droplets  was  slow  enough, 
and  density  of  smoke  low  enough  near  tha  surface  to  give  fairly  clear  pic¬ 
tures  of  aggloaaeratea  (a.g.,  Figure  B*2).  These  were  measured  bv  first 
projecting  on  a  screen  for  further  enlargement.  Tvo  difficulties  were  : 


1.  Unequal  velocities  of  droplets  of  different  sizes.  This 
made  the  size  distribution  in  single  picture*  nonrepresentative  of 
the  true  population,  and  required  sequential  frame  observation  to 
identify  each  droplet  and  count  it  once  only. 

2.  Obscuration  of  the  aluminum  droplets  by  the  luminous  flame 
envelope  of  the  droplet.  A  diameter  correction  wee  applied  using 
flame  standoff  data  from  the  literature  (see  Section  12). 

Table  C-l  auimsrizes  the  measured  droplet  sizes  observed  over  e 
period  of  time.  Also  shown  are  the  diameters  corrected  for  flame  standoff 
end  the  grouping  of  the  date  in  diameter  Increments  corresponding  to  the 
histograr.-s  in  Figure  SI.  These  data  were  used  elsewhere  in  the  report  for 
the  Initial  aluminum  droplet  size  distribution. 

It  was  noted  late  in  the  lnves t igat lor.  that  the  aluminum  mass  flow 
calculated  from  the  droplet  count  data  wss  substantially  less  than  would 
be  expected  f  r  ..>hscr"ed  :  rope-1  lant  h  r:  in;  rate  ar.d  aluminum  mass 

fraction,  Slnuc  no  ruch  calculation  has  been  reported  in  prior  work,  there 
was  no  basis  for  determining  whether  this  anor.alv  reflected  a  corresponding 
falling  in  c.ie  droplet  determinations.  However,  it  is  deemed  desirable  to 
make  more  extensive  observations  chat  might  snow  sample -to-s.mple  variations 
in  population  and  mass  flow  rate.  Further,  it  is  of  comparable  importance 
that  the  flam*  envelope  standoff  be  determined  for  this  specific  propellant 
(standoff  versus  droplet  size'.  Photography  with  pulsed  monochromatic  back 
lighting  should  provide  the  necessary  c>.rori:xnt al  results  for  standoff 
measurement . 


Tab  la  C-l.  Tabulation  of  Ajgloaarata  Slsaa  (froo  Coabuation  Photo¬ 
graphy)  and  Calculation  of  Droplat  Slxa  Diatribution, 
(Diaaatara  in  Mlcroaoeara.) 
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Table  C-l 
(continued) 
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APPENDIX  D 

MEASUREMENTS  WITH  IMhERSION 
HEAT  PROBES 


D-l  Introductory  Comment 

There  wn  no  illusions  at  tha  outsat  of  tha  investigation  that  tha 
flra  environment  could  bn  charactarlsad  by  a  unique  temperature,  or  that 
such  a  proparty  could  ba  aaasurad  by  insertion  of  a  thermometer  in  tha 
plume.  Ob  tha  othar  hand,  it  was  claar  that  a  heat -sensitive  device  in  tha 
fire  would  respond ,  and  would  ba  responding  to  an  experience  similar  to  that 
of  any  test  object  (radioisotope  thermoelectric  generator)  in  the  fire. 
Accordingly,  several  experiments  ware  made  on  immersion  devices  ranging  from 
bare  thermocouples  to  water-cooled  calorimeter  tubes.  Much  of  this  was  re¬ 
ported  in  Section  5. 

D-2  Bare  Thermocouples 

At  the  outsat,  a  nuabar  of  teats  were  run  with  thermocouples  lsmarsed 
directly  in  tha  combustion  tone.  These  thermocouples  experienced  direct  im¬ 
pingement  with  droplets  in  the  flow,  gave  very  erratic  readings,  end  survived 
only  briefly  (the  moat  heat  resistant  thermocouples  were  of  the  platinum/ 
platinum  rhodium  type).  The  results  foretold  later  conclusions,  that  impinge 
meat-deposition  processes  were  major  factors  in  measurements.  Sosas  measure¬ 
ments  made  in  tha  wake  of  deflectori  (a  region  relatively  fraa  of  condensed 
material,  saa  Figure  16)  survived  longer  end  gave  better  records --however , 
it  was  not  clasr  how  the  tsapersture  there  could  be  related  to  the  free  streai 
temperature,  even  if  tha  thermocouples  survived. 

D-3  Imarslon  Calorimeter 

In  meaeurament  of  heat  In  high -temperature  flowe  where  l emersion 
probae  deteriorate,  measurements  may  be  based  on  the  hast -up  rate  of  the 
probe  during  temporary  immrsion.  This  amounts  to  operating  tha  probe  aa 
a  calorimeter.  A  probe  wee  designed  for  this  purpose,  and  was  used  to  cal¬ 
culate  heat  transfer  in  tha  flra  environment.  This  work  is  described  in 
Section  and  the  purpose  of  this  portion  of  Appendix  D  is  to  describe  how 


the  recorded  probe  temperature  data  It  handled  to  obtain  an  effective 
plume  tcnpcrature 

The  details  of  the  probe  are  shovn  In  Figure  25,  and  typical  thermo¬ 
couple  output  curves  are  shown  in  Figure  26.  Equation  1  was  used  to  calcu¬ 
late  plume  temperature,  neglecting  the  radiant  heating  term  end  rewriting 
as  follows 


VA  * 


+  B(T  -  Y  )  +  C(T  li  -  T  S 
p  o  p  o 


(D-l) 


The  quantity  is  measured,  and  the  quantity  7^  is  the  room  temperature 
(296°K).  The  coefficients  A,  3,  and  C  were  determine  by  callbittlon  of 
the  probe  in  combustion  gases  of  known  temperatures,  ---here  only  A,  B,  and 


l  are  unnnovn. 


The  values  of  A,  5,  uuid 


calculated  in.  a  manner  illustrated 


in.  Table  p-l.  The  table  shows  a  set  of  5  data  point*  (T  vs  t  >  (from  a 

P 

calibration  run  t  at  d  ».tows  calculated  values  or  dT  /dt .  This  lends  to 

?  • 

thrss  sets  of  T  .  dl  /dt  and  t  which  should  satlsfv  Equation  D-l.  Alien 
F  ? 

substituted  in  Equstion  D-i,  these  sets  give  three  equations  in  A,  B,  ar.d 
C  (Table  D - 1 ,  center),  which  can  be  solved  to  give  values  c:  A,  3,  ar.d 
(Table  D-l,  bottom).  These  values  are  then  used  In  the  calculation  of  T 

g 

from  Equation  D-l  and  tests  in  propellant  cocibustlun  plumes.  The  calibration 
procedure  was  carried  out  on  each  prose,  before  and  after  each  test.  The 
calibration  gas  :  low  was  1  o 5 9 ° .< .  Ihe  results  of  calibration  after  tests 
were  much  different  than  those  before  tests,  because  oi  deposition  on  the 
probe.  Lack  in -j  any  better  guide,  the  assumption  was  made  tnat  the  change 
in  A,  3,  and  C  with  tin*  were  linear  functions  of  tin*  during  test*. 

In  the  propellant  plume  test,  a  temperature  versus  time  curve  (e.g., 
Figure  26)  ia  obtained  frer.  the  thermocouple  in  the  probe.  A  set  of  6  points 
or  so  is  measured,  tabulated,  and  converted  from  millivolts  to  temperature 
(Table  D-2"1  in  °K  using  thermocouple  response  tables  or  independent  cali¬ 


bration, 


'ran  these  points,  corresponding  values  of  dT^/dt  are  calculated. 


The  resulting  data  are  substituted  into  Equation  D-l  to  determine  T  .  In 
this  calculation  the  linear  interpolation  oi  the  parameters  A,  3,  and  C 


Tab  1*  0*1.  Data  Reduction  Proa  tha  Befora-Teit 
Calibration  of  Taat  Number  170. 


Fart  A.  Taat  Data 
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Part  B. 

Evaluation 

of  Parameters  Proa 

Equation  D 

-1  and  Part  A  of  This 

Tab la:  T 

8 

■  1659°K. 

6.40  A  ♦  255  B  ♦  3.45  x  1010  C  -  1102 
5.80  A  ♦  318  B  +  1.34  x  10U  C  •  1045 
5.25  A  ♦  371  B  ♦  1.90  x  10U  C  -  992 


Part  C.  Valuas  of  Parameters  Before  Teat  Nuabar  170, 


A 

161 


B 

0.135 


5.07  x  10 
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between  pre-  and  post-test  calibration  is  made  for  each  time  during  burn¬ 
ing  (Part  3  of  Tsble  D-2).  The  Table  shows  (last  coiusr)  the  indicated 
gas  temperature  at  four  Claes  during  the  test,  and  these  temperatures  are 
shown  in  the  graph  of  Figure  2/,  plotted  at  the  7.6-ca  position  above  the 
burning  surface. 

Many  tests  like  number  170  were  run,  including  ones  in  which  the  probe 
location  was  at  14.2  and  23  cn  from  the  burning  surface.  Various  problems 
were  encountered  such  as  failuie  of  the  probe,  anomalous  propellant  sample 
burning,  or  shedding  of  the  deposits  from  the  probe  before  the  second  cali¬ 
bration.  However,  satisfactory  tests  were  obtained  at  the  7.6-,  14. 2-,  and 
23-ca  locations  above  the  burning  surface.  The  result*  are  summarised  in 
Section  4  (Figure  27),  and  discussed  there.  The  fallowing  arguments  are 
advanced  : 

1.  The  Indicated  plume  temperatures  are  inordl-..-.  c  iv  high 
because  extensive  heat  transfer  is  produced  by  deposition  of  not 
oxide  and  aluminum  and  by  oxidation  of  deposited  a  Jurat  nun,  whereas 
all  heat  transfer  in  Filiation  1  it  assig red  lo  convection  from  a 
gas  at  temperature  T  (and  heat  transfer  coefficients  are  eval- 
uated  In  a  clean  gas). 

2.  The  decrease  in  indicated  temperature  with  distance  from 
the  propellant  surface  is  due  to  cold  air  mixing  with  the  plume, 
decreased  deposition  on  the  probe,  and  decrease  in  aluminum  oxida¬ 
tion  on  the  probe. 

3.  The  trend  of  increasing  indicated  temperature  with  time 

is  due  to  increasing  accviouljtton  and  oxidization  rate  of  aluminum, 
an  argument  that  is  supported  by  the  reduced  time  dependence  at  23 
ca,  where  the  availability  of  aluminum  is  substantia  1 ly  less. 

The  principal  result  of  these  particular  tests  was  to  bring  out  the 
importance  of  deposition  and  reaction  of  condensed  material,  and  the  dif¬ 
ficulties  in  trying  to  represent  the  fire  environoent  in  terms  of  a  simple 
flow  of  a  high  temperature  o-edlua.  Clearly,  the  effect  on  irsnersed  objects 
is  strongly  dependent  on  the  impinceraent-retentlor.-reaction-shedding  of 
condensed  material,  vnich  in  turn  depends  on  the  composition  and  size  of 


3.67  x  10 


droplets  present 


Water  Cooled  Probe 

It  wes  noted  earlier  that  one  way  to  assure  survival  of  an  irxaersion 
probe  was  to  use  a  calorimetei  type  system  and  limit  iramerslon  time.  This 
approach  was  used  in  Section  D-3.  Two  major  problems  were:  slow  response 
time,  which  limits  the  amount  of  measurements  (i.e.,  the  plume  cannot  be 
tested  at  several  locations  in  one  test);  change  in  calibration  during 
measurement  due  to  buildup  of  deposit. 

An  alternate  means  of  assuring  survival  of  a  probe  is  by  cooling  it 
to  limit  its  temperature  rise.  Such  a  probe  would  measure  coolant  temp* 
crature  rise  ar.d  flow  rate,  as  a  means  of  measuring  heat  transfer.  Response 
time  could  be  low  enough  tJ  permit  operation  in  a  traversing  mode;  alter* 
nately,  if  deposition  changed  calibration  drastically,  measurements  could 
be  made  with  snort  enough  duration  to  minimise  change  In  calibration  cur¬ 
ing  individiul  measurements .  Further,  the  change  in  calibration  could  be 
characterised  on  a  time  continuous  basis  bv  slnpiy  noting  the  change  in 
heat  transfer  with  time  during  a  long  test  with  stationary  probe. 

These  considerations  motivated  exploratory  tests  on  a  system  shown 
diagramatically  in  Figure  T-l.  While  the  testa  were  not  extensive  enough 
to  develop  systematic  data,  they  showed  the  following  promising  characteris¬ 
tics. 

1.  I'cposlti.Ti  was  much  less  t~.ar  for  the  'encoded  calorimeter 
probe . 

2.  Cooling  water  tcaperatu"e  rise  of  3f  C  occurred  with  a 
convenient  water  flow  rate  of  lu  g  sec. 

3.  Steady  temperatures  were  reached  in  2  seconds,  indicating 
relatively  short  time  response. 

Analytically,  the  response  of  this  rrobe  can  also  he  represented  by 
Equation  1.  however,  one  would  normally  operate  it  as  a  steady  state  de¬ 
vice.  eliminating  the  need  for  the  dT  'dt  ten.  In  ’ddition,  temperatures 
would  remain  low  enough  to  eliminate  need  for  a  radiation  term,  ar.d  the  heat 
conduction  out  -ould  be  modified  to  reflect  cor.vev.tion  out  by  the  water 
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In  chit  expression,  the  coefficient  of  la  Indicative  of  tha 
relative  iaportanca  of  heat  transfer  by  gas  convection  and  by  deposition 
of  coodanaad  material,  being  of  valua  ooa  whan  Chara  la  no  condensed  nacar- 
lal.  Tha  coefficient  of  cha  flrat  Cara  on  cha  right  can  ba  determined  by 
calibration  of  cha  proba  in  a  claan  flame,  where  ,  St,  and  would 
ba  eaasurad,  and 


( 


H.  H.  ' 


(D-4) 


With  thl*  raault  and  tha  measured  valuaa  of  &,  AT^  and  In  a  pro* 

pa  1 lane  taat,  ooa  can  obtain  I'T  free  Equation  D-3.  Indeed ,  tha  bahavlor 
of  I’T  could  b«  obaarvod  aa  a  function  of  poalclon  In  tha  plume  (travar* 
alng  proba)  or  aa  a  function  of  time  (taonlcorlng  efface  of  aecuaulatlng 
dapoalt).  Aa  In  tha  caaa  of  tha  uncooled  lcaaaralon  calorimeter,  cha  valuaa 

of  I  T  would  preeumablv  ba  greatar  than  tha  true  taaporaturaa  due  to 

g 

dapoaltion  heating.  In  thla  caaa  tha  affect  la  localized  explicitly  In  cha 
factor  I  for  atudy  by  aultabla  experiment*.  However ,  thla  line  of  lnvca* 
tlgatlon  could  not  ba  puraued  within  the  limitations  of  tha  preeent  project. 
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NOMENCLATURE 
(Appendix  D) 


"C 


H 

8 


o 

o 


S 

T 

P 
'  o 

'  v 
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Coefficients  in  equation  D-l,  related  to  heat  transfer 
Heat  capacity  of  vater 

Coefficient  of  heat  transfer  due  to  deposition  o:  condensed  material 
(equation  D-2> 

Coefficient  of  heat  transfer  due  to  convection  from  gas  (Equation  D-2) 
Coefficient  of  h«at  transfer  through  tube  walls  (Equation  D-2) 

Flow  rate  of  water  (Equation  D-2) 

Temperature  of  flowing  gas 

Temperature  of  probe  outer  surface  (Equation  Dj2> 

Temperature  of  surroundings 
Temperature  of  coolant  water  (.initially  T 

o 

Time 

Coefficient  (Equation  D-31  rctl.ctijv  relative  c ~r.t  ril/.it  t  on  of 
condensed  material  deposition  to  calculated  temperature. 


APPENDIX  E 

RADIATION  FROM  DROPLETS 


E - 1  Introduction 

The  majority  of  the  radiation  in  tho  combustion  rona  originates 
from  AljO^  smoke.  Aa  a  result,  efforts  were  made  to  obtain  quantitative 
measurements  of  rmcke  radiation.  At  the  mitset,  It  was  expected  that  the 
smoke  would  be  optically  dense,  and  mostly  near  the  temperature  of  the 
gas  In  the  same  region.  Accordingly,  It  was  assumed  that  If  Intensity  at 
2  or  3  wavelengths  could  be  made  (by  comparison  with  a  laboratory  standard 
lamp  of  known  taaqmrsture) ,  a  meaningful  measure  of  bulk  temperature  and 
droplet  emlsslvlty  could  be  determined.  In  the  follcmlug,  e  summary  Is 
given  of  the  analytical  baals,  experimental  procedures,  and  results  of 

~s~r  ri - -  of  temperature  end  emiislvity  of  the  pliaa  based  on  Intensity 

at  three  different  wavelength  regions.  Specifically,  the  radiation  Is 
measured  by  means  of  thres  photomultiplier  tubes  fitted  with  narrow  band¬ 
pass  interference  filters.  The  wavelengths  selected  ere  4050  X,  5050  X, 
end  6000  X.  In  addition,  a  fourth  wavelength  can  be  monitored  using  a 
monochromator.  The  Intensities  emitted  by  the  plume  at  thaaa  wavelengths 
ere  compared  with  the  corresponding  intensities  emitted  by  e  tungsten 
ribbon  fllomnt  lamp  at  a  known  temperature.  Tha  ratios  of  plume  Intensity 
to  lamp  Intensity  at  tha  thres  wavelengths  are  then  used  to  determine  temp¬ 
erature  of  the  Al,0  smoke  by  three  techniques: 

a  J 

1.  '.'sing  measurements  at  one  wavelength  and  an  aesuamd  emlsslvlty. 

2.  Using  measurements  at  two  wavelengths  and  assuming  s  gray  body. 

3.  Using  amasurerunts  st  thrae  wavalengths  and  ualng  an  assumed 
dependence  of  emlsslvlty  upon  wavelength. 

Each  of  these  techniques  will  be  discussed  separately. 

E-2  Data  Reduction  Techniques 
E-2.1  Assumed  Emlsslvlty 

For  radiation  normal  to  a  hot  surface,  the  radiant  Intensity  in  the 
wavelength  bend  between  X  and  X  +  dA  is  given  by  the  Planck  radiation 
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law: 


I  2  *xcix  5 1 

- 

l«c:'x‘  *  l  \ 


(2-1) 


where 

oaissivity  at  wavelength  X 

- 1 1  ■> 

flrat  radiation  constant  *  0.388  x  10  *  W/caT 

•eccnd  radl.ati.on  constant  *  1.A33  cm/°K 
wavelength  (cai 

area  of  radiating  surface  (ca‘/ 

o 

temperature  oi  the  radiator  In  K 
the  intensity  In  watts  per  ur.it  aolld  angle 

r\ 

For  practical  calculation}  a  close  approximation  to  f’lanck'e  law  1* 
given  by  Vlen's  law: 


M 

C, 

x~ 

A 


2VC1X  e 


» '  *c  n  /  X . 


dx 


(r.-2> 


which  holds  with  sufficient  accuracy  as  long  as  XT  Is  leas  than  0.3  eta  K. 
For  the  temperatures  and  wavelengths  considered  In  this  studv,  this  criterion 
le  nsec  and  Equation  1*2  will  be  used. 

In  order  to  d.-cer-nine  temperature  using  liquation  2*2  a  calibration 
standard  Is  needed,  since  absolute  intensity  measurement*  are  difficult. 

A  tungsten  ribbon  filament  lamp  with  a  known  temperature  versus  current 
curve  is  used  as  a  standard, 
mined  froa  Equation  1-2  as 


The  ratio  of  intensities  I. /I.  is  deter- 

X  Xc 


Vi. 

X  Xc 


c./X  (  -£ 

*  X 

•  C 


_L  .  i  , 


(2*3) 


Xc 


where  1.  is  the  radiant  intensity  of  the  calibration  lamp,  and 

Xc  •  Xc 

and  T^  are  the  corrt spending  known  caisslvlty  ar.d  temperature  of  the 
tunsJten  ribbon. 


•i  value  of  th.e  e.-i  s  s  i  vi  t  y  of  the  vl.,')^  smoke  is  assumed,  Equa- 
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cion  E  *3  can  be  solved  for  Ch«  temperature  T  to  yield: 


1/T  -  1/T 

c 


(E-4) 


E*2.2  Cray  Body 

The  eodsalvlcy  of  a  cloud  of  fine  Al^O^  particles  differs  from  the 
esslastvlty  of  bulk  Al^O^;  it  la  a  function  of  particle  concentration,  op* 
deal  path  length,  and  particle  site  distribution.  Consequent ly ,  the 
amlsslvlty  is  an  unknown  that  oust  also  be  measured.  If  the  ealsslvlty 
Is  assuoed  to  be  Independent  of  wavelength  (l.e.,  gray  body),  then  measure¬ 
ments  at  two  wavelengths  are  sufficient  to  determine  c  and  T.  This  Is 
dona  by  writing  Ulan's  law  (l.e.,  Equation  E-3)  for  two  different  wave* 

lengths  X  and  X,,  caking  logarithms  and  rearranging  to  obtain: 

1  * 


In  t  -  r~ *  ■  In 

A1 


*lc  (  I,  ] 


X,T 


lc  J  "1‘c 


In  < 


X2I 


I, 


2n  |c  (  j-*  ) 

'  *c  J 


Vc 


(E-5a) 


(E-5U) 


Eliminating  in  f  from  Equations  E-5a  and  E-5b  yields  the  solution 
for  temperature ; 


1/T  •  1/T  ♦ 


X^X, 


c  c^fXj^-Xj) 


in 


«,  1i/1i  1 

(  ^  >  (  7^77^  > 


2c 


V/c  'J 


(E-6) 


whore  « ^  and  <2C  are  obtained  from  the  taown  amlsslvlty  of  tungsten  it 
temperature  T^ .  (.sing  the  value  of  T  computed  from  Equation  E-6,  Equation 
£*3  is  than  solved  to  obtain  *: 


< 


*Xc 


X  .  1  5 

T  T 


(E-7) 
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where  X  la  either  or  X,. 

E-2.3  Three-Color  Technique 

"or  «  cloud  of  particles,  Che  emissivlty  uill  In  general  depend 
upon  wave  length  and  the  gray  body  approximation  ia  not  applicable.  Thie 
wavelength  dependence  can  be  calculated  from  the  'lie  theory  of  lisht 
scattering  (Stddall  and  McGrath)  if  the  complex  refractlvi  Index  of  Al^ 
particles  is  known.  Since  no  data  is  available  on  the  optical  properties 
of  small  Al,0  droplets  at  high  temperatures,  an  empirical  formula  must 
be  used.  Such  an  approach  Is  used  by  Stddall  and  McGrath  to  describe  the 
eaisitvLty  of  soot  particles  in  flames. 

"olloving  Siddall  and  McGrath,  the  monochromatic  emisslvity, 
of  a  cloud  of  particles  Is  given  by 


where  Is  the  extinction  coefficient  and  i.  is  the  thickness  of  the 

cloud  (assumed  homogeneous  ■  .  If  the  c or.cer.l rat i or.  of  particles  is  h.gh 
And 'or  the  cloud  t*  thick  'optically  thick  cloud’,  then  Is  large  and 

=;  1 ;  that  Is.  the  cloud  radiates  like  a  black  body. 

•or  optically  thin  cloud* ,  the  variation  of  with  wavelength 

rsust  be  taken  into  account  in  the  determination  of  temperature  by  radiation 
measurements,  "or  soot  particles  it  has  been  found  that  a  ^od  approxl- 


na  t  i  on  f  o : 


is  given  by 


•  kA 


who-e  k  is  a  constant  of  proper: i ona 1 l t  •  that  derends  on  the  volume  of 
particle*  per  unit  voltaic  of  cloud,  and  a  is  approximately  a  constant 
for  visible  lig.-.c.  Substituting  equation  t-9  into  qua  lion  -*t*  gives. 


•  3 

exp  (-khA  > 


or  1  uaping  kL  loco  a  single  pirwtir  B: 


«x  -  1  -  *xp  (-RX  ) 


(E-10) 


Tram  iMiurtMOCi  of  omit  Cod  radiation  at  thro#  wavelength*,  the  para¬ 
meters  B  and  or,  aa  wall  aa  eha  temperature  T  can  be  determined, 
provldad  that  Equation  E-9  La  a  good  approximation  to  the  actual  va va¬ 
lance  h  dapandanca  of  X^. 

Xaaiaalug  that  eha  cloud  of  Ai^O^  parclclaa  la  adequately  daacrlbad 
by  Equation  E-10,  eha  following  algorithm  la  uaad  to  datanaloa  B,  or, 
and  T  from  measured  valuaa  of  *c  the  three  wavalangtha: 

Stap  1:  Cuaaa  a  valua  for  a^  (X^  ■  4050  X). 

Stap  i.  Calculata  T  froawian’a  law  (Equation  £-4)  ualog 
Ij/l^c  and  tha  ee  aimed  valua  a ^ . 

Stap  3:  Calculate  «2  and  a3  fronWlen'a  law  (Equation  E-7) 

I2^I2C*  I3^13c'  *nd  th*  T  calculated  In 

Stap  2. 

Stap  U:  From  rha  valuaa  of  a;  and  »2  calculata  Bt  and  <»1 
from  Equation  E-10.  The  appropriate  formulas  are: 

|  ind-Sj)  | 

**  |  lo(l-«2")  | 


^(Xj/X^ 


B  •  -  ia  (1-*^)  Xj.  (1  ■  1  or  2) 


(E-ll) 


(E»12) 


Step  5:  Repeat  procedure  of  Stap  4  ualng  a2  and  *3  to  calcu¬ 


late  B^  and  a^, 


Step  6:  Calculata  7  "  *  ai'  If  y  ■  0  (or  |y|  laaa  than  a 

ap'-slflad  tolerance  5),  than  B^,  8^  and  T  la  tha 

required  aolutlon.  If  |y|  >  5  proceed  to  Step  7. 
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Step  7:  Select  a  new  gueia  for  end  repeat  Scape  2  through 

6.  Improved  guesses  of  c,  may  be  obtained  by  linear 

t 

Interpolation  (or  extrapolation)  based  on  previous 
guesses  of  and  their  corresponding  y  value*. 

The  above  procedure  will  fall  to  converge  If: 

(1)  The  actual  variation  of  enlssivlty  with  wavelength  departs 
significantly  from  that  postulated  by  Equation  E-10. 
l2)  Experimental  errors  In  the  measured  intensities  are  suffi¬ 
ciently  large  chat  no  solution  exists  or  that  a  solution 
exists  only  for  •-  0  or  >  l  (physically  meaningless). 

E*3  Description  of  Apparatus  for  Emission  Measurements 

The  optical  system  used  for  emission  measurements  cf  the  solid 
propellant  plume  consists  oi  t  viewing  tube  with  s  diaphragm,  an  achro¬ 
matic  objective  lens,  ar.d  a  photomultiplier  detector  array.  The  optical 
system,  which  is  mounted  cn  in  v.pti».ei  bench,  is  shown  in  Figure  t*l. 

The  viewing  tube  consist?  of  a  5.08-ca  O.D.  aluminum  tube  15.2-2  cm 
long  which  is  connected  to  the  combustion  tube  by  a  0.95-caO.  D.  stainless 
steel  tee  fitting  at  one  end.  The  2.5-*-cn  dl.u-r.eter  optical  window  is  mounted 
at  the  front  eni  of  the  viewing  tube.  A  nitrogen  purge  is  introduced 
through  the  tee  fitting  to  prevent  the  hot  plume  gase»  and  particles 
from  entering  the  viewing  tube.  The  flow  rate  of  the  nitrogen  is  not 
high  enough  to  appreciably  disturb  the  plume. 

An  Iris  diaphra^a  is  mounted  directly  in  front  of  the  view  Cube 
window  to  restrict  the  cone  of  light  collected  by  the  objective  lens  to 
about  4.5°  <1.27  cm  aperture).  This  restriction  on  viewing  aperture  Is 
greater  than  that  Imposed  by  tha  tee  fitting,  which  Is  necessary  because 
the  tee  fitting  cannot  be  used  when  viewing  the  calibration  lamp. 

The  light  from  the  solid  propellant  plume  or  calibration  lamp  Is 
focused  by  the  achromatic  objective  lens  (85-<m  focal  length)  upon  a 
pinhole  aperture  <lrls  diaphragm,  at  .-mallest  setting,  0.3  mu).  Thua  the 
light  entering  the  phe t omul 1 1 p  1  ler  array  is  restricted  to  that  emitted 
from  a  small  area  of  the  plume  or  calibration  lamp  filament.  Since  the 
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distance  from  the  detector  aperture  to  the  lens  (inwge  distance)  and  the 
distance  from  the  lane  to  the  leap  filament  or  pl\*a#  (object  distance)  Is 
Che  same  for  both  calibration  and  for  test  firings,  the  area  of  the  emitter 
Is  the  same  In  both  cases.  This  allows  direct  coaparlson  of  the  Intensi¬ 
ties  measured  during  test  firings  with  the  calibration  Intensities  in  order 
to  determine  the  temperature  and  emissivlty  of  the  plume. 

The  detector  array  consists  of  three  RCA  931A  photomultiplier  tubes 
(PMTa)  equipped  with  Interference  filters  (100  X  bandwidth)  centered  at 
4050  X,  5050  X,  and  000  X.  Two  beamsplitter  cubes  in  series  are  used  to 
direct  the  Incoming  bean  to  the  three  PMT  detectors.  All  of  these  compo¬ 
nents  ere  mounted  on  a  alniapticai  bench  end  are  shielded  with  a  black 
cloth  to  eliminate  stray  light. 

The  photomultiplier  tubes  are  operated  at  500  volts  supplied  by  a 
regulated  DC  power  supply.  The  output  currents  from  the  ?VTs  are  passed 
through  100,000  ohm  resistors  and  the  resulting  voltages  are  amplified 
(Neff  Type  100  X  amplifiers)  with  gains  ci  1-50.  The  amplified  signals 
from  the  PMTs  are  then  recorded  using  three  channels  of  a  Hewlett-Packard 
Model  29b3A  5-channel  tape  recorder.  The  recorded  outputs  are  later  plot¬ 
ted  for  data  reduction. 

E-d  Test  Procedure 

The  optical  system  is  set  up  In  a  fume  hood  for  safe  removal  of 
the  solld-propel lant  combustion  products.  The  optical  window  is  removed 
from  the  viewing  tube  and  placed  on  the  front  of  the  calibration  lamp 
housing.  The  lamp  is  then  placed  In  the  fume  hood  with  the  front  of  the 
window  mount  In  contact  with  the  large  iris  diaphragm.  With  the  lamp  on, 
the  system  Is  aligned  so  that  the  plnhcls  aperture  is  centered  on  the 
Image  of  the  ribbon  filament.  The  lamp  current  is  set  st  3bA,  which  cor¬ 
responds  to  a  filament  temperature  of  ChOC0*!,  and  the  output  signals  art 
recorded.  Toward  the  end  of  the  recori  tie  lamp  Is  turned  off  and  the 
background  is  recorded.  The  calibration  data  Is  then  plotted  before  pro¬ 
ceeding  to  the  test  firing. 

For  the  test  firing,  the  calibration  lamp  Is  removed  and  the  opti¬ 
cal  window  placed  on  che  viewing  tuoe.  The  viewing  tube  Is  then  attachec 
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co  tha  combustion  tub*  and  tha  whole  aainbly  ta  than  mounted  Ln  cha 
hood  vich  cha  front  of  cha  window  aounc  In  contact  with  tha  large  lrla 
diaphragm.  To  align  tha  system  a  avail  lamp  with  a  f  rot  tad  bulb  la 
lowered  into  tha  eoabuaclon  tuba  and  tha  plnhola  apartura  la  can tar ad 
on  tha  avail  circular  image  of  tha  bulb  ln  contact  with  tha  taa  fitting. 
Tha  lavp  la  than  ravovad  and  tha  nitrogen  flow  la  turned  on.  The  capa 
recorder  la  atartad  about  tan  aeconda  before  ignition,  tha  propellant 
it  than  ignited  and  the  PHI  aignala  era  recorded  for  the  duration  of 
cha  teat  (about  15  taconda).  Tha  teat  data  ia  than  plotted  for  later 
reduction. 

E-5  Teat  Result* 

Two  teat  firings  have  bean  conducted  for  which  pluawi  Halation 
measurement*  have  been  mada.  Tha  output  elpial*  of  tha  three  FKTa  ar* 
shown  in  Figure  E-2  for  tha  flrat  of  chats  teata.  The  data  was  reduced 
ln  two  ways:  (1)  using  the  gray  body  technique,  and  (2)  using  the  three 
color  tachnlqua.  Tha  ramparatura*  and  eaiaalvitias  obtained  by  thata  two 
methods  will  now  b*  discussed. 

E-5.1  Cray  body  Tachnlqua 

By  asavalng  that  the  Al.,0^  amoka  particlaa  radiate  aa  a  gray  body, 

comparators*  aud  eaiaalvitias  war*  calculated  using  each  of  tha  three 

possible  pair*  of  measurements;  (1)  <>050  %  and  505C  X,  (2)  4050  £  and 

6000  £,  and  (3)  SOSO  £  and  6000  £.  Tha  highaet  taaptraturaa  and  lowest 

cmiaalvitla*  war*  obtalnad  when  tha  two  shortest  wavelengths  war*  used. 

For  this  caaa  calculated  temperatures  ware  between  3420°V  and  406G°K 

(naan  3760°K),  and  avlaalvltiaa  ranged  froa  0.001  co  0.008.  Somewhat 

lover  temperature*  ware  obtained  whan  tha  6050  £  and  6000  £  measurements 

vara  used  (mean  3330°K) ,  and  amiaalvitlas  fall  between  0.006  and  0.025. 

The  lowest  temperatures  wars  obtained  when  cha  two  longest  wavelength* 

ware  used,  and  the  corresponding  amisalvltiaa  ware  the  largest.  These 

latter  result*  at*  shown  to  Figure  E-3  for  tha  first  cast.  Hare  measured 

o  o 

temperature*  fluctuated  between  2760  K  and  2960  K  with  a  mean  tumparatur* 
of  2940°K,  During  tha  first  part  of  cha  bum,  tha  aaissivity  wee  roughly 
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Figure  E-3.  Cray  body  valuee  of  teaperatura  and  aadaaiviCy  for  run  nuabar 


0.025,  with  a  sharp  rise  to  about  twice  this  value  after  five  seconds. 
The  Increase  In  emlasivlty  during  the  Biddle  of  the  bum  correlates 
veil  with  the  rise  In  measured  light  lntenslcy  for  each  of  the  three 
wavelengths. 

The  above  results  were  obtained  for  the  first  test  firing;  for 
the  second  test  similar  results  were  obtained.  For  each  of  the  three 
pairs  of  wavelengths,  somewhat  lower  temperatures  and  higher  eaisalvl- 
ties  were  obtained  in  the  eecond  test,  but  again  higher  temperatures 
were  obtained  when  the  4050  X  measurement  was  used.  The  results  for 
the  second  test  sre  shown  In  Figure  E-4  for  5050  X  and  6000  X,  where 
again  Increases  in  brightness  seem  to  arise  from  increases  In  emlasl- 
vlty  rather  chan  temperature.  The  emisslvlty  variations  are  probabLy 
due  to  variations  in  smoke  particle  concentration  during  the  burn. 

The  results  obtained  using  the  gray  body  technique  ere  Inconsis¬ 
tent,  because  the  same  temperature  and  emisslvlty  are  not  obtained  for 
each  pair  of  wavelengths.  Thi»  discrepancy  cannot  be  accounted  for  by 
a  staple  aependence  of  plume  emisslvlty  upon  wavelength,  since  the 
three  color  technique  falls  also,  si  discussed  below.  Tli*  measurements 
Indicate  excess  radiation  at  short  wavelengths  (4050  X),  which  cannot 
be  recounted  for  by  gray  body  emission  of  Al.,0^  particles.  The  excess 
blue  radiation  could  arise  from  the  presence  of  burning  aluminum  agglom- 
eratas  which  are  several  hundred  degrees  hotter  than  the  aluminum  oxide 
smoke . 

E-5.2  Three  Color  Technique 

As  mentioned  above  the  three  color  technique  falls  to  give 
meaningful  results.  The  data  does  not  fit  the  assumed  functional  form 
of  the  dependence  of  emisslvlty  with  wavelength,  and  no  solution  can  be 
found  for  B,  tr,  and  T.  Asstenlng  an  emisslvlty  of  0.03  at  4050  X, 
tha  data  lndlcatas  a  decrease  in  emisslvlty  at  5050  X  followed  by  an 
lncraasa  in  amlsslvlty  at  6000  X.  This  Is  clearly  Inconsistent  with 
the  monotonic  dependence  of  emisslvlty  upon  wavelength  assumed  in  the 
three  color  technique. 
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E-6  Conclusion* 

The  methods  used  in  chase  studies  seen  Co  hold  considerable  promise. 
Indeed,  if  measurements  had  bean  confined  to  Che  longer  two  wavelengths, 
one  would  be  tempted  co  conclude  chut  a  teaperacure  of  about  2800°K  had 
been  measured,  with  an  emlssivity  of  sbouC  0.040.  The  tendency  for  the 
eaiaaivicy  co  rise  in  the  later  part  of  the  test  might  be  Interpreted  as 
an  Increase  in  smoke  density  ^reason  unknown). 

In  the  course  of  the  Investigations,  it  became  apparent  that  the 
smoke  plume  was  not  optically  danaa.  This  would  lead  co  a  deceptively 
low  indicated  value  of  emleslvlty.  It  also  implies  that  the  redletlng 
material  seen  by  Che  photomultiplier  may  Include  more  chan  an  occasional 
burning  agglomerate,  which  le  much  brighter  than  tha  smoke  cloud.  In 
other  words,  the  plume  consists  of  a  heterogeneous  flow  with  radiating 
condensed  phase  material  of  widely  different  temperatures.  While  the 
temperatures  of  2800°K  or  so  determined  from  the  longer  wavelength  data 
may  giva  a  useful  measurement  of  the  general  oxide  smoke  cloud,  the  shorter 
wavelength  then  reflects  a  much  higher  temperature,  probably  that  of  the 
alumlnun  flame  envelopes  around  agglomerates.  The  procedure  for  analysis 
of  the  measurements  does  not  provide  for  a  tvo 'tempera cure  measurement, 
and  the  measurement  of  emlssivity  is  severely  compromised .  Further,  mea¬ 
surement  of  tha  expected  determination  of  wavelength-dependence  of  emls- 
sivity  (due  co  Mle  scattering)  was  frustrated  by  the  two- tempera ture  plume. 
In  the  future  It  would  be  worthwhile  to  explore  the  poasibility  of  deter¬ 
mining  both  temperatures,  and  emlssivity  versus  wavelength,  using  a  modi¬ 
fied  analysis  and  measurements  at  additional  wavelengths  as  needed. 

In  spite  of  these  difficulties,  the  experimental  technique  seems  to 
have  performed  well,  end  the  temperature  values  of  2800°K  and  3600°K  are 
compatible  with  the  expected  temperatures  of  radiating  droplets  In  the 
combustion  plume.  The  values  of  emlssivity  are  more  difficult  co  recon¬ 
cile,  becauae  values  were  essentially  unknown  at  the  outset,  end  because 
In  the  method  of  calculation  from  the  measurements ,  the  calculated  eais- 
sivlty  is  very  sensitive  to  errors  in  Intensity. 
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APPENDIX  P 

DETERMINATION  OP  VELOCITIES 
IN  TOE  COMBUSTION  ZONE 


P-I  Introduce  too 

In  the  combuat Ion  tone,  the  gaseous  rsecelon  product*  of  the  pro* 
pel lent  accelerate  quickly  in  their  reectloo  rag too  within  about  1  ca  of 
the  burning  aurfece.  The  condaoaed  phaa*  Material  accelerate*  lee*  rapid* 
ly,  lo  a  Manner  dependent  on  droplet  Inertia,  drag  of  the  gee  flow,  and 
gravitational  force.  The  oxide  took*  droplets  accelerate  quickly  to  very 
near  gaa  velocity,  while  200-mn  a  L  minus  egg  lower  a  tee  nova  relatively 
slowly  away  frow  the  surface  and  require  aeveral  ca  to  approach  gee  velo¬ 
city.  Determination  of  these  velocities  Is  Important  because  It  affects 
the  Interaction  with  tnersed  objects.  In  the  present  Investigation,  an 
analysis  of  droplet  action  (Section  F*2)  was  made  to  serve  ss  one  source 
of  inforaeclon  end  serve  es  e  aeans  of  Interpreting  experimental  results. 
In  addition,  thrae  photographic  technique*  wars  used  to  obtain  direct 
Inforaeclon  on  velocity  (Section  F-3).  In  addition,  the  resulting  ataca 
of  knowledge  la  aunarlzed  (Section  F-5)  and  sows  coomMnts  ara  made  on 
possible  Improved  methods  of  velocity  determination. 

P-2  Relative  Velocities  of  Gas  end  Particles 
F-2.1  Acceleration  of  a  Particle  in  a  Uniform  Gea  Flow 

Consider  a  gas  of  uniform  temperature  flowing  vertically  with  a 
constant  velocity,  V  .  Ac  time  t  ■  0,  a  spherical  particle  of  density, 

8  3 

3  ,  dlaseetar,  D_,  and  mass,  a  (  -  pH  D  /6),  la  released  at  y  ■  0 
P  “  P  P  P 

with  Initial  velocity  “  0,  and  allowed  to  accelerate  upwards  to  a 

steady  velocity.  In  this  analysis  It  la  essuned  chat  Che  mass  rasas  Ins 

constant,  l.a.,  the  particle  doss  not  burn.  Since  che  particle  Is  spher* 

leal,  there  are  no  fluid  Induced  forces  normal  to  the  gas  flow  and  the 

motion  of  the  particle  is  In  the  ydlractlon. 

The  drag  tores  exerted  by  the  gas  flow  on  the  particle  Is 

P  "  co  [*  =g  <Vg  ’  V2]  T2  <F-1> 
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where  CD  1*  the  drag  coefficient.  For  spheres,  the  dreg  coefficient 
le  e  function  of  the  Reynolda  number 

p  (V  -  V  )  D. 

Ray  -  -8 - 8 - 2 - £  (F-2) 

“g 

where  y*g  l*  the  coefficient  of  vlecoelty  of  the  gee.  Ueing  veluet  of 

a  end  p^  obtained  from  the  theraocheaical  calculations  described  In 
i  t 

Section  2,  It  Is  estimated  that  a  10-olcron  sphere  will  have  a  Reynolds 
number  equal  to  0,113  at  y  -  0  where  •  0.  As  the  particle  accel¬ 
erates,  che  particle  velocity  Increases  and  the  Reynolda  number  decreases 
further. 

For  Reynolds  numbers  leas  than  0.1,  the  drag  coefficient  la  given 
by  Stokes'  law: 


C 


D 


X, 

Rey 


(F-3) 


The  use  of  Stokes'  law  greatly  simplifies  the  solution  of  the  equations 
and  is  accurate  except  for  very  Urge  particles  near  the  burning  surface 
where  the  particle  velocity  Is  nearly  cero. 

Newton's  third  law  of  motion  states  that  che  force  on  a  particle 
(fluid  drag  minus  the  weight)  is  equal  to  the  change  In  momentum  of  the 
particle: 
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V 


(F-4) 


where  g  It  the  acceleration  of  gravity.  Substituting  Equations  F-l, 
F-2,  and  P-3  Into  Equation  F-4  and  raarranglng  tanas  gives: 


dt 


18- 


(V. 


.)  +  3 


(F-5) 
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F-2.2  Calculation  of  Valocltlaa 

Node*  that  Equation  F-5  provide*  tvo  aoureas  of  Information:  If 
tha  (a*  velocity  i*  known,  th*  aotion  of  th*  partiel*  can  b*  obtained. 
Alternatively,  if  the  particle  velocity  and  acceleration  are  known,  tha 
gaa  velocity  can  be  calculated.  The**  two  case*  will  be  investigated 
separately. 


F-2.2. 1  Motion  of  a  Particle  in  a  Gas  Stream  of  Known  Velocity 
When  Vg  la  known,  the  solution  to  Equation  F-5  is 


[v^][ 
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which  gives  tha  velocity  of  th*  particle  at  any  tlae,  t.  The  position  of 
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Calculations  have  been  mads  for  10-,  50-,  100-,  and  2 00 -ml cron  dia¬ 
meter  aluml'.uis  spheres  (c  ■  2.382  g/cmJ>  moving  through  UTP  3001  combus¬ 
tion  prod-  cts  at  T  ■  28M^K  (s,  •  8.977  *  10  5  g/cm^  and  a  •  7.8883  x 
/  8  8 
10~*  g/cm/eec)  and  V  •  1000  cm/sec.  The  results  are  shown  in  Figure 

F-l.  It  la  clear  that  th*  velocity  lag  for  th*  larger  particles  is  signi¬ 
ficant  even  30  cm  _rom  the  burning  surface. 

It  is  also  clear  that  there  is  a  limiting  diameter  for  particles 
laaving  the  surface  euch  thet  particles  larger  Chan  thle  dlamatar  will  not 
ba  lifted  off  the  surface  by  the  gee  flow.  In  thle  case,  th*  diameter  is 
large  enough  so  chat  tha  Stokes'  law  approximation  is  not  appllcabla  and 
Che  diameter  muat  be  found  by  trial  and  arror,  l.e.,  a  dlamatar  is  assumad, 
a  Reynolds  is  computed  end  the  drag  coefflclant  is  found  from  a  graph  of 
drag  coefficient  versue  Reynolds  number  for  spheres.  A  drag  forca  is  than 
calculated  using  Equation  F-l  and  the  perticle  weight  le  computed.  The 
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cutoff  diameter  is  found  when  the  drag  fore*  equal*  the  particle  weight, 
which  for  the  previously  prescribed  conditions  is  about  2  cm. 

F-2.2  Calculation  of  Che  Cas  Velocity  f roe  Observed  Particle  Velocity 
and  Acceleration 

If  the  particle  velocity  is  known  as  a  function  of  y,  the  particle 
acceleration  can  be  detereinad  free 


dV  dV 

-2  -  V  — * 
dt  p  dy 


(F-6) 


Substituting  Equation  F-6  into  Equation  F-5  and  rearranging  tanas  gives 
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This  equation  is  used  in  the  next  section  to  calculate  the  gas 
velocity  using  particl*  velocities  at  four  vertical  locations. 

F -3  Experimental  Determination  of  the  Cas  Velocity  snd  Particle  Velocities 
Standard  methods  of  gee  velocity  determination  rely  on  the  measure* 
aenc  of  static  and  stagnation  properties  (prassurt  or  temperature)  using  a 
probe  submerged  in  the  flow.  The  gas  velocity  is  then  computed  using  rela¬ 
tionship*  between  the  ges  velocity  and  the  difference  between  static  and 
stagnation  conditions.  In  the  two-phase  flow  of  concern  in  this  study,  such 
probes  are  quickly  destroyed  by  deposition  of  molten  aluminum  end  alterna¬ 
tive  methods  must  be  explored. 

In  the  present  studies  such  difficulties  were  avoided  by  use  of  photo¬ 
graphic  methods.  The  plum*  contains  condsnsed  phase  materiel  in  the  form 
of  irregularly  shed  clouds  of  fine  particles  and  burning  aluminum  agglomer¬ 
ate*  .  The  velocity  of  the  fine  particles  In  th#  clouds  should  be  very  near¬ 
ly  equal  to  th*  gas  velocity  and  the  velocity  of  these  clouds  can  be  deter¬ 
mined  from  high  speed  motion  pictures  of  ths  plums.  Th*  velocity  of  the 
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burning  aluminum  agglomerates  lag*  tha  g*a  velocity  due  to  the  inertia  of 
the  agglomerate* .  These  agglomerate*,  however,  leave  very  bright  streak* 
which  can  be  observed  on  either  still  photographs  or  single  frame  analy¬ 
sis  of  high  speed  motion  pictures.  The  single  frame  analysis  of  high-speed 
motion  pictures  Is  preferred  since  single  frame  exposures  of  0.00 6  to  0.0001 
second  are  possible  while  35-mn  still  earners*  are  limited  to  0.001  or  0.002 
second,  and  the  shorter  exposure  times  are  needed  to  allow  the  streaks  to 
be  seen  against  the  background  radiation  from  the  fine  A  1,0  smoke.  Indeed, 

a  J 

velocity  calculations  using  both  single-frame  agglomerate  streak  measure¬ 
ments  and  frame -to- frame  cloud  velocity  measurements  can  be  obtained  from 
high-speed  motion  pictures. 

F-3.1  Test  Apparatus  and  Procedures 

High-speed  motion  pictures  have  been  made  of  the  plume  at  the  exit 
of  5. 1-ca-dlaaeter  stainless  steel  tubes  ?.o,  1 5> .  2 ,  22.9,  and  30.5  cm  lon,j. 
Wafers  of  propellant  5  cm  in  diameter  and  1.3  cm  thick  were  cut  and  a  coil 
of  ignitor  vine  was  attached  with  Igniter  paste  (.see  Figure  11),  The  wafers 
were  wrapped  with  masking  tape  to  insure  a  snug  fit  into  the  tube.  The 
wafers  were  then  pressed  into  the  tube  with  the  igniter  wire  emerging 
through  insulated  holes  in  the  tube  and  the  propellant  was  secured  along 
the  bottom  with  a  coating  of  epoxy.  Before  the  teat,  the  tube  (propellent 
end  down)  was  pressed  into  a  base  plate  which  was  secured  to  the  counter 
top  of  a  fume  hood.  Two  notches  approximately  0,b4  cm  apart  vexa^t  dis¬ 
tances  were  recorded'  were  filed  into  the  open  end  of  each  tube.  These 
notches  are  used  to  determine  exact  aagni f icot Ion  factor*  in  motion  pictures. 

High-speed  motion  pictures  were  made  with  a  -(yearn  camera  and  s 
Nikon  200 -to -600 -wa  room  lens.  The  Hycam  camera  is  capable  of  filming  rates 
up  to  11,000  pps  using  a  full  frame  format.  Filming  rate  and  aperture  set¬ 
tings  were  obtained  by  trial  and  error,  and  it  was  concluded  that  for  the 
5 . 1-ca-dlaneter  tuba  tests,  using  Kodak  cktachrone  T  (tungsten)  film  and 
the  lens  sst  for  600-sn  and  an  aperture  of  i/22,  filming  rates  of  2,000  to 
4,000  pps  produced  the  desired  bright  agglomerate  streaks  against  the  smoke 
clouds.  It  should  be  noted  that  the  camera  does  not  run  at  a  Lonstant  rate, 


but  Approach**  Ch*  set  Craving  race  In  an  exponential  manner  and  then 
oscillate*  slightly  about  the  set  rat*.  A  race  of  2,000  pps  can  be  main* 
tained  over  approximately  70”  of  a  30-meter  film  roll.  The  exact  film¬ 
ing  race  at  any  frame  can  be  determined  from  timing  marks  printed  onto  the 
edge  of  the  film  at  0.001  eacond  interval*  by  a  light-emitting  diode  (L 2?) 
timing  mark  generator.  The  Hycam  camera  was  mounted  on  a  tripod  approxi¬ 
mately  3  meter*  from  the  tube.  The  Nikon  loom  lent  waa  mounted  on  an  ex¬ 
tension  bracket  which  w*s  then  mounted  to  a  second  tripod.  The  two  tripods 
were  adjusted  until  the  lens  and  camera  were  aligned,  whereupon  the  lens 
was  connected  to  the  camera.  The  stainless  steel  tube  was  positioned 
within  the  fun*  hood  so  that  Che  camera  was  aligned  with  the  tube  agis 
slightly  above  the  tube  exit  with  the  notches  Just  visible  at  the  bottom 
of  the  frame  with  the  lens  focal  length  set  at  600  nsa.  The  Ians  was  focused 
halfway  between  the  center  of  the  tube  to  the  front  edge.  The  filming  rate 
was  set  at  2,000  pps  and  the  lens  aperaturc  set  at  till. 

The  Ignition  wires  ware  connected  to  the  igniter  circuit  and  the 
propellant  was  ignited.  The  propellant  was  allowed  to  burn  for  10  seconds 
to  heat  up  the  tube  and  establish  steady  flow.  After  10  seconds,  Che  camera 
was  started  and  the  30-meter  film  roll  exposed  in  two  seconds.  Cine-photo¬ 
graphy  In  the  streak  node  followed  the  some  general  procedure,  only  the 
camera  housing  was  reversed  and  a  special  film  gate  Installed. 

F-3.2  Data  Reduction 

The  processed  films  were  viewed  with  ar.  LW  lc-mns  notion  analyzer 
(movie  projector)  with  a  frame  counter  and  projection  speeds  of  lo  pps, 

2-1  pps,  variable  slow  rates  of  1  to  10  pps,  and  f rame-ty-f rame  3to?  motion. 

A  single-frame  Image  waa  projected  onto  the  portable  screen  and  the  magni¬ 
fication  ratio  determined  from  measurement  of  the  distance  between  notches. 

For  measurement  of  agglomerate  streaks,  the  film  was  advanced  500 
frames  (to  allow  the  film  spaed  to  stabilize)  and  the  Initial  film  race 
(l.e.,  the  distance  between  timing  marks)  was  recorded.  The  film  was  then 
advanced  frame  by  frame  until  25  streaks  vsee  figure  F-2a  for  a  sample 
streak)  were  measured  and  recorded.  When  the  25th  stresk  was  recorded  a 
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I  pure  K-2b .  Smoke  m  successive  t tiroes  at  tu’>c  exit  '  •  smoke  “  'jointing  rate) 


Figure  F-2 c. 


H  i  ,igt>ri.T  1  lines  f  r  stro.iV  movie. 


final  flicliig  rate  vu  recorded.  The  film  vu  than  advanced  to  tha  800th 
frame,  as  Initial  filming  rata  vu  recorded,  25  streaks  measured  and  re¬ 
cord  ad  and  a  final  filming  rata  recorded.  Thla  procodura  was  rapoatad 
bag* nnlng  it  tha  1,500th  and  l,800th  frames  to  glva  a  total  of  100  streaks. 
Each  group  of  25  atraoka  was  avaragad  to  obtain  a  group  avaraga  straok 
longth  and  tha  flla  spaad  at  tha  baginning  and  and  of  aoch  group  vaa  aver- 
agod  to  obtain  a  group  flla  spaad.  Tha  exposure  tlaa  for  a  sing la  fraaa 

la  1/(2. 5  x  group  flla  spaad).  Using  thasa  valuaa,  a  group  straak  velo- 
m 

city,  V  was  calculacod  for  aach  of  tha  16  groups  (four  for  aach  tuba). 

P 

Finally,  tha  four  groups  fraa  aach  tuba  wars  avaragad  to  obtain  an  avaraga 
partlclas  spaad  for  aach  tuba.  V  . 

As  shown  In  Flgura  F-2b,  a  slngla  frame  contains  tha  bright  aggloa- 
arata  atraoka  end  a  rathar  blotchy  (aotcla  of  Al^  smoke.  Tha  amoks  usual* 
ly  distorts  between  frames  duo  to  valoclty  gradlants  within  tha  tuba  and 
diffusion,  but  It  la  poaalbla  (aftar  a  conaldarable  amount  of  searching) 
to  find  a  distinct  point  (batwaan  light  and  dark  spots)  which  can  ba  Iden¬ 
tified  In  two  consecutive  frames.  Tha  distance  traveled  between  frames  la 
aaesured,  the  filming  rate  determined,  (the  tine  of  travel  Is  now  the  In¬ 
verse  of  the  film  speed),  and  a  velocity  obtained.  This  velocity  la  refer¬ 
red  to  as  the  smoke  velocity  and  should  be  equal  to  the  gas  velocity  due 
to  the  negligible  mass  of  the  smoke  particles. 

The  background  smoke  In  Che  7.6*cm  tube  wee  too  bright  to  permit 
selection  of  a  clearly  identifiable  spot  for  frame  to  freme  analysis.  How¬ 
ever.  a  aovla  was  made  using  tha  1 . b -cm  tube  with  the  Hycem  caoere  in  Che 
atreek  mode.  A  section  of  this  film  Is  shown  in  Figure  F*2c.  The  film 
speed  is  calculated,  and  the  angle  of  the  diagonal  line#  la  measured.  The 
speed  of  che  bright  object  leaving  the  streaks  la  equal  to  the  film  speed 
multiplied  by  the  tangent  of  the  angle. 

In  Table  F-l,  the  valuta  of  V  and  V  at  well  sa  V  ,  the 

p  P  p  max 

longest  agglomerate  streak  measured  In  eech  tube,  ere  presented.  Also 

given  sre  velues  of  V  (smoke)  for  the  15. 2*,  22.9-,  end  30.5-cm  tubes 

g 

and  V  (streak)  for  Che  7.b-ca  tuue.  It  should  be  noted  that  V  (smoke) 
g  g 

Is  averaved  from  onlv  two  to  four  measurements  for  each  tube  and  V  (streak 

g 

mode)  Is  averaged  over  ab-mt  25  lines. 
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Tobit  P-l.  Comparison  of  Volocltlat  at  tha  Exit  of  Pour  Tubot 


Tubo  s  _  _  _ 

l(ca)h*  Vp  Vp  Vp  V*  t*e>k#  V*  •tr*llk 

(■/•a c)  («/*tc)  (m/atc)  (a/aac)  (m/atc) 


Vp  -  Aggioaarota  vtlocltlta  avtragtd  ovor  2}  from*  a 


V  -  Agglamtrott  valoclttaa  avtragtd  ovtr  100  front* 

V  -  Vtloclty  of  fatcttt  moving  agg  loam  rat# 
p  aox 

.  -  V# loci tv  of  smotu  *oud 

g  amoka 

v  -  Vtloclty  frott  atrtok  movit 

g  atrtok  ’ 
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F-3.3  Correction*  for  Tub*  Velocity  Profile* 

Since  the  propellent  la  burning  lnald*  a  tube,  the  gee  velocity 
will  oot  neceaeerlly  be  uni fore.  If  the  tub*  length  le  very  ahort  com¬ 
pered  to  the  tub*  diameter,  end/or  the  kinematic  vlacoelty  la  low,  the 
velocity  will  be  uniform  except  for  a  negligibly  thin  region  near  the 
tube  v* 11.  If  the  tube  la  much  longer  chan  ita  diameter  and/or  the  kin*' 
made  vlacoalcy  la  very  high  and  the  temperature  la  uniform  throughout  the 
tube,  the  velocity  will  have  a  parabolic  velocity  dlatrlbutlon.  Since  the 
tube*  uaed  in  thee*  teaca  have  tub*  length*  comparable  to  their  diameter* 
and  the  kinematic  vlacoelty  la  high,  the  velocity  profile*  lie  aommwher* 
in  between  uniform  and  parabolic.  Tharafora,  correction  factor*  will  be 
obtained  for  uniform  velocity  profiles  (aero  length  tube)  end  perabollc 
velocity  profile*  (Infinitely  long  tube*).  Next,  ualng  the  two  extream 
caeet  correction  factor*  for  Intermediate  length  tubee  will  be  presented. 

Three  characteristic  velocities  are  usaful  In  describing  the  velo¬ 
city  In  nonuniform  flm*.  First ,  V,  la  the  velocity  averaged  over  an 
Area  A  of  tha  tube  and  defined  by 

_  '  V(r)rdr 

V  •  - — - -  (F-10) 

rdr 

* 

Second,  'Vi  le  the  teaan  or  mess  average  velocity  which  le  the  velocity 
given  by  Equatl<xi  F-10  when  A  la  the  entire  area  of  the  tube.  Finally, 

V  la  the  velocity  on  the  centerline  of  the  tube. 

o 

F-3.3. 1  Uniform  Velocity  Profile 

When  the  tube  length  it  ouch  leee  then  the  tube  diameter,  the  velo¬ 
city  le  very  nearly  uniform  ever  the  entire  crosa  factional  area  of  the  tub*. 
Therefor* 


V  -  V  (F-ll> 

c 

•  vo  (F-i2) 
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F-3.3.2  Parabolic  Velocity  Profile 

Vher.  the  tube  Length  la  teuch  greater  than  the  tube  dlaaeter  the 
velocity  profile  la  parabolic: 


V 


-  V 

0 


[‘ 


(F-13) 


In  the  prevloua  aectlon  on  photographic  retulta,  average  particle 
velocities  V  were  eeaaured  over  a  portion  of  the  tube.  The  area,  A, 
viewed  In  the  movies  la  sh<wn  In  Figure  F-3.  Substituting  Equation  F-13 
into  Equation  F- 10  and  performing  the  required  integration  gives 


V 


2  V 

o 


Sin"1  L  ♦  L 


i 


(F-14) 


If  the  entire  area  of  the  cube  had  been  photographed.  (L  •  1) ,  Che  mean 
velocity  In  cha  tube  would  have  been  obtained,  l.a. 


[V] 


(F-15) 


This  Is  a  well  known  result  from  che  theory  of  laadnar  flow  in  tubes.  The 
three  reference  velocities  are  thus  related  by 


(F-16) 


For  the  tube  aovles  described  In  che  previous  section  these  relstlonehips 
are 


L%0  ■  .787  V  •  ,5  V 

o 


(F-17) 
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Ar««  A 


At  previously  described,  due  to  the  high  kinematic  viscosity  sod  the  low 
ratio  of  tube  length  to  disaster,  the  actual  correction  factors  He  between 
these  two  extrams.  Sehlichting  has  shown  that  the  transition  froa  uniform 
to  parabolic  profile  proceeds  as  a  function  of  the  paraaeter 

V 

X  -  - i -  (P-18) 

P,  *2  [V] 

where  and  are  tbs  gas  density  and  viscosity,  l  is  the  tube  length, 
and  R  is  the  tube  outer  radius.  Sehlichting  also  presents  curves  of 
V  /[V]  as  a  function  of  X  for  several  radial  locations.  (The  curve  for 
r  «  0  represents  V  /Cv].)  Using  values  of  s  and  u  froa  the  thereto* 

o  g  g 

cheaical  calculations  described  in  Section  2  and  assuming  [v]  ■  1000  ca/sec, 
P  •  8.977  x  10  5  g/ca3  sad  ,»  •  7.8883  x  10  g/cm  sec  at  284l°K,  velo* 

©  ft 

city  profiles  for  the  four  cubes  are  obtained  from  Sehlichting 's  plots  and 
presented  in  Figure  F-4. 

The  correction  factors  are  written 

Cv]  -  .5  [l  ♦  Fa)  ]  VQ  (F-19) 

and 

[V]  -  ^.797  ♦  .203  Fa>]  V  (F-20) 

A  value  of  F(X)  for  each  of  the  four  tubes  can  be  obtained  from  Equation 
F-19  and  figure  F-4.  These  values  of  F  are  then  used  to  obtain  the  corre¬ 
lation  between  [V]  and  V  using  Equation  F-20. 
v.lu..  of  Vp,  Vp  V$ 

In  Table  F-l  ere  corrected  for  nonunifora  velocity  profiles  and  given  in 

Table  F-2  as  values  of  t.v].  V  represents  the  average  velocity  of  100 

P 

streaks  in  tha  region  shown  Ln  Flgurs  F-2  and  thus  this  value  it  corrected 
by  Equation  F-20.  Values  of  represent  the  largest  psrticla  velo- 

cltlsa  neaaured  ln  the^ubes.  Sines  the  largest  gas  valoclty  In  the  tube 
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£ 

R 


NOTE : 

Figure  F -4 . 


(length  of  tube)  la  In  centlnetera. 

Theoretical  velocity  profile*  in  cylindrical 
duct*  of  various  length*. 
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It  V  ,  these  values  are  corrected  by  Equation  F-19.  Reduction  of  data 

for  streak  mode  photographs  and  cloud  valocltlaa  la  not  at  wall  daflnad. 

Tharafora  Chla  data  It  praaantad  corractad  by  Equation  F-19  and  Equation 

F-20.  Intarpratatloo  of  thaaa  ratultt  la  praaantad  In  a  following  taction. 

Using  tha  valuat  of  [V  1  for  tha  four  tuba  lasgtha  It  la  possible  to  astl- 

P 

aata  tha  part lcla  acceleration  by  fitting  an  axponantlal  curve  to  the  re¬ 
sults.  Using  the  values  ■  0.78885  x  10  ^  %/cm  tec  and  tha  density  of 
aluadnw  (liquid)  •  2.392  g/c*,  [v^]  can  be  related  to  [  V^-)  for 

different  particle  dlaatatars.  Results  are  shown  In  Table  F-3. 

Table  F-2.  Mean  Velocities  at  tha  Exit  of  Four  Tubas. 


1 

Tube 

laagth, 

(cn) 

(1) 

[v  1 

froa  V 

P 

1  (a/ sec) 

(2) 

tv,] 

,c«  '■»  =** 

(a/  wd 

(3) 

LV  ]  (Eq.  F-19) 

8 

froa  streak 
node  or  cloud 
(a/sec) 

(4) 

-Vi  (Eq.  F-20) 

8 

froa  streak 
mode  or  cloud 
(a/sac) 

7.6 

9.02 

16.21 

12.31 

14.50 

15.2 

9.80 

13.66 

11.15 

14, 14 

22.9 

10.19 

1?  89 

9.37 

12.26 

30.5 

11.03 

10.08 

9.84 

13.35 

Tablet  F-2  and  F-3  represent  tha  currant  status  of  this  research 
with  respect  to  velocity  ■aasureaants.  Colunns  2,  3,  and  4  of  Table  F-2 
represent  estlaatea  of  the  aean  gas  velocity  at  varl<x*s  distances  fr<»  the 
burning  surface.  Colusaj  1  of  Table  F-2  represents  the  average  velocity  of 
large  condensed  phase  material  at  various  distances  fraai  the  burning  surface. 
In  order  to  calculate  tha  gas  velocity  from  the  condensed  phase  aeterlel 
velocities,  It  Is  necessary  to  know  the  sice  (disaster)  of  the  condensed 
phase  aeterlel  st  various  distances  froa  the  burning  surface.  At  the 
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Table  F-3. 

Man  Gaa  Velocities  for  10-.  20- 
200 -Micron  Particles 

*,  50*,  100- 

and 

i 

Tube 

length, 

(cm) 

rv  ] 

(D-O) 

(a/aac) 

tv 

(D-lOu) 

(a/sec) 

[V,J 

(0-20u) 
(a/ sec ) 

IV 

(D»50u) 
(a/ sec) 

[V,] 

(D-100u) 

(m/sec) 

tv,] 

(D»200u) 

(a/ sec) 

7.6 

9.02 

9.06 

9.19 

10.10 

13.37 

26.46 

13.2 

9.80 

9.82 

9.87 

10.24 

11.58 

16.92 

22.9 

10.19 

10.20 

10.25 

10.59 

11.99 

16.63 

30.5 

11.03 

11.04 

11.09 

11.44 

12.65 

17.55 

present  time,  p«rclcl«  collection  techniques  have  noc  been  refined  so  that 
Che  ever pert lc la  disaster  can  not  be  determined  experimentally  with 
acceptable  accuracy.  Table  F-3,  therefore,  uses  the  condenaad  phase  mater¬ 
ial  velocities  from  coluan  one  of  Table  F-2  to  predict  the  gas  velocity 
for  various  sired  particles.  For  example.  If  subsequent  tests  Indicate 
Chat  the  aluminum  agglomerates  have  as  average  diameter  of  100  microns  at 
a  distance  of  7.6  cm  from  the  burning  surface,  Table  F-3  predicts  s  gas 
velocity  of  13.37  a/sec. 

F-4  Discussion  of  Results 

In  the  previous  sections,  high-speed  motion  picture  films  of  the 
plume  of  burning  ITP  3001  have  been  used  to  estimate  the  mass  average  gee 
velocity  at  dlffarent  distances  from  the  burning  surfaces.  The  velocities 
of  large  (burning  aluminum  aggloomracas)  and  small  (aluminum  oxide  smoke) 
particles  of  condansed  phase  material  have  been  measured  from  the  films  and 
several  analyses  have  bean  used  to  estimate  average  gas  valocltlss  based 
on  the  local  condensed  phase  velocity. 

There  are  still  several  areas  of  uncertainty  for  tech  measurement 
technique  relating  to  three  phases  of  the  analysis,  namaly  measursment  of 
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condensed  phase  velocities,  relationship  between  nuund  local  average 
valoclclaa  and  the  mean  velocities  ovar  cha  ant  Ira  plume,  and  the  rela- 
clanship  batvaan  condensed  phasa  valoclclaa  and  gas  valoclclaa.  In  Cha 
following  sections,  cha  araaa  of  uncertainty  for  aach  of  cha  Individual 
maaurasaenc  techniques  and  subsequent  analysas  will  ba  diacuaaad  briefly 
and  poaslvla  improvements  will  ba  suggested. 

F-4. 1  Estimation  of  Caa  Valoclclaa  from  Avaraga  Coed ana ad  Phaaa  Particle 

Valoclclaa 

Determination  of  cha  velocity  of  large  (SO-  to  200 -micron)  agglom¬ 
erates  la  quica  accurate  If  camera  spaed  la  correctly  averaged.  However, 
whan  using  Equation  F-10  to  ralata  velocities  averaged  ovar  a  restricted 
area  to  valoclclaa  avaragad  ovar  cha  andra  pluaa  It  is  aaauaad  that  all 
streaks  batvaan  the  front  edge  of  cha  cube  and  cha  centerline  of  cha  tuba 
(or  cha  back  adga  of  cha  tuba)  are  visible  and  aeaaurable.  While  this  is 
true  for  cha  22.8-  and  30.5-cm  tubas  where  cha  back  adga  la  visible,  Cha 
background  Al^O^  »»oka  la  vary  bright  In  Cha  7.6-  and  15. 2-ca  tubas  and 
the  depth  at  vlav  cannot  be  determined.  Because  of  tbla  uncertainty,  tha 
extrapolation  of  local  man  velocities  to  avaraga  man  valoclclaa  ovar 
the  entire  tuba  la  only  approximate.  Further,  tha  previously  diacuaaad 
difficulties  in  obtaining  satisfactory  experimental  data  on  man  partlcla 
diameter  as  a  function  of  distance  from  tha  burning  surface  precludes  tha 
determination  of  gas  flow  velocity  using  this  technique  at  this  time. 

F-4.2  Estimation  of  Caa  Valoclclaa  from  Smoke  Clouds 

Tha  principal  difficultly*  with  this  method  are  In  the  determination 
of  tha  distance  a  smoke  cloud  travels  bo  tvs  an  motion  picture  frame  and 
tha  relationship  batvaan  smoke  valoclclaa  and  avaraga  gas  valoclclaa.  As 
can  ba  seen  In  Figure  B*2,  cha  adga  of  a  smoke  cloud  la  a  somewhat  vague 
gray  region.  Since  lc  Is  difficult  to  def'”  a  point  or  edge  in  any  single 
motion  picture  frame  chare  is  a  '  igree  of  -^cartalnty  in  Cha  distance  chla 
point  travels  between  successive  frame.  In  movies  at  tha  exit  of  7.6-  and 
15.2 -ca  tube*,  the  background  radiation  is  vary  bright  and  only  vary  small 
(about  0.5  on  across )  dark  blotchaa,  apparently  near  cha  adga  of  Cha  Cuba, 
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could  be  observed.  In  this  case,  lc  mat  appropriate  to  uae  Equation 
F-20  to  determine  the  average  gaa  velocity  tinea  the  taoka  velocities  re¬ 
present  local  values.  In  the  22.8-  and  30.6-cm-long  tubes,  the  background 
radiation  is  less  intense  end  larger  (-5  tas  across)  aaoke  clouds  can  be 
seen.  For  larger  clouds,  near  the  canter  of  the  tube,  the  use  of  Equation 
F-19  is  correct  since  Che  visible  leading  edge  would  travel  at  Vq.  The 
saoke  travels  at  gee  velocity  so  there  is  no  ambiguity  in  relating  con¬ 
densed  phase  material  velocity  to  gas  velocity. 

F-4.3  Estimation  of  Cat  Velocities  from  the  Fastest  Particle 

It  is  difficult  to  conceive  of  a  situation  in  which  the  condensed 
phase  material  novas  faster  than  the  gas.  Thus,  this  analysis  simply 
assumes  that  the  fastest  particle,  V  <m<>,  found  in  e  movie  Is  traveling 
at  the  feetest  gas  velocity,  V^.  Vote  Chet  this  velocity  is  not  time 
averaged  since  only  one  velocity  is  used  for  each  tube.  However,  this 
method  seeme  Co  have  the  least  uncertainty. 

F-4.4  Determination  of  the  Gas  Velocity  from  Streak  Movies 

Using  the  Hycaa  camera  In  the  streak  mode  presents  several  difficul¬ 
ties.  The  film  must  be  loaded  emulsion  aide  up  end  thus  no  timing  marks 
are  printed  on  the  film.  Camera  speed  oust  be  estimated  from  similar  rolls 
exposed  with  emulsion  side  down.  Further,  after  focusing  end  aligning  the 
camera.  It  oust  be  disconnected  to  load  the  film  so  that  alignment  with  the 
tube  centerline  is  no  longer  assured.  Further,  since  no  distinct  image  is 
formed  on  the  film,  it  is  not  poesibls  to  determine  whet  is  being  photo¬ 
graphed  --smoke  or  agglomerates.  It  should  be  noted  chat  most  of  these 
difficulties  might  be  circumvented  by  the  use  of  a  special  streak  camera 
rather  then  e  Hycaa  with  add -on  attachments.  In  any  event,  this  method 
presents  the  most  ambiguities  with  regard  Co  results  end  is  not  reccmmended 
for  further  consideration . 

F-5  Conclusion* 

At  the  present  time,  the  most  plausible  results  seem  to  be  Che  feetest 
particle  velocities.  Using  these  results  (column  two  from  Table  F-Z)  the 
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gu  velocity  u  a  function  of  distinct  froa  chi  burning  surfici  is  pre¬ 
sented  In  Figure  F-5.  Bart  sri  also  given  it  itch  of  the  four  location! 
to  indicate  the  data  spread  froa  colusns  2,  3,  and  4  in  Table  F-2.  Also 
presented  ere  thaoreticel  predictions  froa  Section  7.  It  Is  seen  that 
initial  gas  velocities  appear  correct,  but  due  to  heat  loss  through  the 
tube  trails  the  gas  velocities  in  the  tube  testa  decreases.  The  heat  lose 
to  the  tube  is  very  evident  in  the  teovias  where  the  decreaee  in  light 
intensity  in  longer  tubes  la  significant.  Subsequent  testa  should  sop  lay 
better  insulation  of  the  tube  wells. 
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NOMENCLATURE 
(Appendix  F) 


®P 

r 

R 

Ray 

c 

T 

V 
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V 

p 

V 

m P  max 

V 

_p 
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y 
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■m 

f 

“p 


Drag  coefficient 
Diameter  of  particle 
Drag  fore* 

Function  of  A 

Acceleration  due  to  gravity 

Tube  length 

Particle  seas 

Radial  coordinate 

Tube  redlue 

Reynolds  Number 

T  las 

Temperature,  °K 
Gaa  velocity 
Velocity  at  r  •  0 
Particle  velocity 

Fastest  agglomerate  streak  found  In  motion  picture 

Agglomerate  velocities  averaged  over  25  motion  picture  frames 

Agglomerate  velocity  averaged  over  100  motion  picture  frames 

Mas s  average  velocity.  Equation  F-10 

Distance  away  from  burning  surface 

Transition  parameter,  Equation  F-18 

Vlscoelty  of  gases 

Density  of  particle 
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Ti 
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APPENDIX  G 

DROPLET  POPULATION  CALCULATIONS 


G-l  Introduction 

While  this  study  did  not  cover  the  aachaniaa  of  aluminum  end  oxide 
droplet  interection  with  objects  in  the  fire  environment ,  the  results  of 
Section  4  end  Appendix  D  showed  the  laportance  of  imping  meant  of  droplets. 
This  result  Is  also  observed  In  eroeion  of  rocket  motor  components  (Refer* 
ence  G-l).  However,  the  Impingement  phenomenon  and  Its  effect  on  exposed 
objects  ere  dependent  on  the  composition,  slse  end  temperature  c-f  the  drop¬ 
lets  in  the  flow,  end  this  in  turn  is  dependent  on  the  progress  of  burning 
of  the  aluminum  droplets.  Efforts  to  determine  this  information  by  expert- 
mantel  means  ere  described  in  Section  11  end  Appendix  C.  However,  the 
unreliability  of  auch  experiments  dictates  a  complementary  effort  to  calcu¬ 
late  the  droplet  populations.  Such  an  approach  haa  the  advantage  of  pro¬ 
ducing  a  systematic  framework  with  which  to  organize  remits  and  predict 
behavior,  and  alao  brings  to  bear  a  backlog  of  fundamental  knowledge  that 
augments  the  empirical  results  of  direct  measurement. 

Calculation  of  droplet  populations  depends  first  on  an  experimentally 
determined  aluminum  droplot  size  population  nsar  the  propellant  burning  sur¬ 
face,  as  described  in  the  latter  pert  of  Appendix  C.  At  this  location, 
relatively  little  Al.,0^  has  formed,  and  the  aluminum  agglomerates  are  rela- 
tlvely  easy  to  measure.  Clven  this  droplet  size  distribution,  a  burning 
rate  law  for  the  droplets  is  used  in  cht  following  to  calculate  droplet 
diameters  vsrsus  time,  amount,  of  aluminum  remaining,  amount  of  oxide  formed, 
and  oxide  droplet  distribution. 

G-2  Burning  of  Individual  Droplets 

Various  investigators  have  studied  aluminum  droplet  combustion  sxper- 


C-l.  Shchubln,  V.  K. ,  A.  I.  Moronov,  V.  A.  Filin  and  N .  S.  Koval’nogov, 
"Intensity  of  Heat  Transfsr  Bstwsen  Two-Phase  Flow  and  Soscle  Ualls 
as  Function  of  Particle  Motion  Parameters,"  Izvestlva  VUZ.  Avia- 
tionnava  IskhnUa.  Vol.  19,  No.  I,  1976,  pp.  109-114. 
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lneotilly  end  theoretically  (e.g.,  References  C-2,  G-3,  C-A ,  G-5).  Moat 
inveatlgatora  report  reaulta  la  terms  of  a  correlation  between  Initial 
diameter  and  dee  to  burnout.  In  the  form 


While  agreeeent  on  values  of  the  parameters  k  and  n  are  lest  than  Ideal 
values  of 

k  -  10‘5  sec/(^s)1’75 
n  -  1.75 

seem  reasonable  for  the  present  purposes  (they  are  for  t  in  seconds,  and 
Dq  In  micrometers .  and  all  the  values  were  chosen  to  fit  burning  tlaes 
observed  In  the  present  study). 

It  should  be  noted  that  Equation  G-l  Is  usually  Intended  to  relate 
burning  tins  to  Initial  droplet  diameter.  We  will  assume  here  that  the 
equation  holds  for  any  tlSM  during  the  droplet  burning,  not  just  for  Dq. 


G-2.  Davis.  A,,  "Solid  Propellants:  The  Combustion  of  Particles  of  Metal 
Ingredients,"  Combustlp"  FlfM  Vol.  7,  No.  A,  December  1963, 
pp.  359-367. 

G-3.  Hartman,  K.  0.,  "Ignition  and  Combustion  of  Aluminum  Particles  In 
Propellant  Flams  Cases."  Chemical  Propulsion  Information  Aaancv 
Publication  220.  Vol,  I,  November  1971,  pp.  1-2A. 

C~A.  Friedman ,  R . ,  end  A.  Macek,  "Combustion  Studlas  of  Single  Aluminum 
Perticles ,"  from  Ninth  Symposium  (International)  on  Combustion. 
Academic  Press,  1963,  p,  709. 

G  j.  Brzustowski,  T.  A.,  and  Irvin  Classman,  "Vapor-Phase  Diffusion 

Flense  in  the  Combustion  of  Magnesium  and  Aluminum:  I.  Analytical 
Developments;  and  II.  Experimental  Observations  in  Oxygen  Atmos¬ 
pheres  , "  ALAA  Progress  in  Astronautics  and  Aeronautics,  Vol.  15, 
Hacsroeenaous  Combustion.  Academic  Press,  New  York,  196A,  pp.  75-154 
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Then 


t  •  k  Dn  (G-2) 

If  the  clM  to  burn  fro®  Co  D  la  daalgnatad  by  C, 

C  -  T0  -  t  *  k  <D0°  -  Dn)  •  kDQft  (1  -  Dn/DQn) 

D  ,  1/n  _ 

r*  •  a  *  -Hr )  (t  <  kDft  >  (g-3) 


Equation  G-3  dascrlbaa  cha  droplac  diameter  aa  a  function  of  ciaa  fro® 
t  ■  0  at  cha  aearc  of  burning,  until  t  “  at  burnout.  Variation  of 
dlaaeCar  with  ciaa  la  graphed  in  Flgura  G-l.  Aa  a  oattar  for  futura  dla- 
cuaalon,  it  la  vorth  noting  that  droplata  bum  out  vary  rapidly  aftar  thalr 
dlaaatara  ara  down  to  UOZ.  of  initial  valua. 

It  la  to  ba  undarstood  chat,  whila  cha  droplat  la  naarly  apharical 
and  aoatly  aluainu®  at  t  •  0,  It  la  accumulating  aluminum  oxlda  during 
burning,  tn  tha  uaaga  hara,  tha  dlaaater,  D,  rtfara  to  an  affactiva 
aluainu®  droplac  alta  in  tha  aanaa  of  corractly  daacrlblng  tha  amount  of 
unraactad  aluainu®.  In  addition  there  La  accunulating  oxlda,  which  will 
ba  dlacuaaad  latar. 

Whila  tha  droplac  dlaawtara  ara  uaually  cha  axpariaantal ly  datar* 
alnad  aaaauraa  of  droplac  aize,  wa  ara  oftan  cone a mad  in  practical  prob- 
laaa  primarily  with  droplat  aaat.  Thla  la  glvan  aa  a  function  of  tin* 
fro®  Equation  G-3.  Thua 


(t  <  kD0n) 


(G-4) 


If  on a  wara  to  aaak  laprnvaaant  on  thla  procadura,  It  would  no  doubt 
ba  nacaaaary  to  go  back  to  tha  aaauaptlon  yielding  Equation  G-2  from 
Equation  G-l;  thla  would  raquira  information  not  praaantly  available. 
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The  corresponding  dependence  of  droplet  meat  fraction  versus  tint  burned 
la  ahown  u  the  aolld  curvaa  in  Figure  G-l. 

G-3  Formation  of  Product  Oxide 

The  qualitative  nature  of  aluminum  droplet  combustion  in  propellant 
atmoepharae  la  now  eatabllahed  beyond  doubt,  and  UTP  3001  it  no  exception. 
It  la  clear  chat  fine  oxide  droplet*  (emoka)  fora  in  the  detached  flame 
about  the  droplet,  aad  that  oxide  alao  forma  on  the  droplet  aurfaee.  At, 
or  near  the  burnout  of  the  aluminum  droplet,  the  aurfaee  oxide  fora*  one 
or  more  droplet*  of  ouch  larger  alee  then  thoae  in  the  detached  flane. 

These  residual  oxida  droplac*  ara  amall  when  formed  from  small  agglomer- 
atae,  larger  whan  formed  from  large  agglomerate*.  Since  the  large  agglom¬ 
erate*  ere  the  leat  to  burnout,  the  large  reaiduel  oxide  droplet*  ere  the 
lest  to  form  free  of  agglomerates.  In  the  following  we  will  be  calculating 
the  populations  of  these  droplets,  *o  it  will  be  necessary  to  make  some 
••sumption*  about  them  that  may  remain  quantitatively  argumentative.  How¬ 
ever,  the  aaiumptlona  ere  not  critical  to  the  calculation* ,  in  the  sense 
that  they  will  be  represented  by  adjustable  parameters. 

The  flat,  or  malor  assumption  la  that  the  smoke  droplets  fora  in 
a  mas*  fraction  Or  (amok#  mass  to  total  oxida  mass),  at  all  time*.  So 
detailed  consideration  will  be  given  to  amoks  droplet  alee  because  it  1* 
so  small  chat  Impingement  is  minimal.  The  residual  oxide  mass  fraction  is 
therefore  (l  -  al.  Experimental  results  suggest  thee  or  ranges  between 
0.70  and  0.90  (Reference  06). 

The  second  aaeuaptlon  la  that  surf  tea  oxide  does  not  asperate  from 
the  agglomerate,  but  forms  h  droplets  of  aqual  size  upon  burnout.  At  all 
time*  the  reaiduel  oxide  may  be  assigned  an  effective  diameter  for  the  pur-* 
pose  of  defining  the  droplet  site,  but  it  is  understood  that  ita  actual 
shape  may  vary  greatly  during  burning  of  ths  agglomerate.  After  burnout, 

0*6.  Kraeutle,  K.  J.,  and  H.  H,  Bradley,  "Combustion  of  Aluminized  Pro¬ 
pellent*:  The  Influence  of  Pressure  end  Propellant  Composition  on 
Formation  of  Aluminum  Combustion  Raeldue,"  CPIA  Publication  292. 

Volume  I,  1977. 
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the  9x1  (1*  droplet*  do  become  spherical.  Their  atii  will  then  be 


oxr 


.  (121)  (1A) 

0  v  54  ;  1  T1  ‘ 


(C-5) 


where  102/54  le  the  tees*  redo  of  Al^O^  to  It*  ingredient  Al^ •  The  voluae 
of  the  droplet  1* 


h. 

^Al 


(^)  (I?) 

54  T) 


end  the  diameter  redo  of  residual  oxide  droplet  to  perenc  agglomerate  drop* 
let  le 


D 

_2S£ 

°0 


L°A12°3 


1/3 


m  (  ka, 

54  K  1\  ■ 


1.38 


U-o) 


1/3 


(C-6) 


In  many  of  the  later  calculation*,  values  of  a  and  will  be  assumed  to 

be  0.20  and  1.0  reapcctlvely.  The  evidence  indicates  these  assuapeions  for 

a  and  T)  to  be  reasonable.  The  result  is  a  value  of  D  /D  ■  P  ■  0.65. 

oxr  0 

G-4  Populations  of  Droplets 

The  alcroetructur*  of  the  solid  propellent  is  an  Important  factor  In 
determining  aluainio  agglomerate  sis*,  and  the  disorder  of  the  structure 
results  in  a  vide  rang*  of  agglomerate  sices.  In  Section  11  and  Appendix  C 
the  alee  of  these  agglomerates  wee  reported  as  a  hlstograa  representing 
nuaberc  of  droplets  observed  in  certain  dlnster  intervals  (Figure  37a). 

It  was  noted  that  a  normalised  fora  of  the  hlstograa  is  more  suitable  for 
applications  (Figure  51a).  In  general,  one  aay  as suae  that  a  histogram  of 
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this  kind  represents  *  i«plt  from  a  large  population  which  la  charactarla* 
tie  fit  tha  propellant.  This  large  population  can  ba  raprasented  by  a  fre¬ 
quency  function  3(D,t),  auch  that 

^  -  3(D,t)dD  (C-7) 

N0 

whara  <m/NQ  la  tka  portion  of  all  droplata  In  tha  alca  Interval  dD,  or 
3  la  tha  portion  of  droplata  par  unit  diameter.  Tha  functional  notation 
3(D,t>  means  that  3,  aa  a  property  of  a  droplet  cloud  moving  away  froai 
tha  propellanc  aurfaca,  deacrlbea  the  number  of  droplata  veraua  D,  and 
meana  that  tha  whole  distribution  changaa  with  time  (due  to  droplet  burning). 
Tha  experimentally  determined  initial  droplet  alxe  dlatrlbutlon  correaponde 
to  3(D,t)  evaluated  at  D  ■  and  t  ■  0,  and  will  be  denoted  by 
3()(Dq).  Development  of  an  initial  diacrlbution  from  an  experiment  la  de- 
acrlbed  in  Section  12  and  Appendix  C.  and  the  reaulta  are  preaented  there 
for  UTP  3001  propellant  burning  at  atmoapherlc  preaaure. 

If  one  were  lntereated  primarily  in  the  effect  of  type  of  propellant 
or  combuatlon  environment,  a  comparison  would  be  made  of  3q(Dq),  •  function 

whose  Integral  (area  under  the  3,Dq  curve)  ie  alweya  one,  but  whose  shape 
reflects  the  slaa  dlatrlbutlon.  In  the  preeent  investigation  we  are  Interest* 
ed  in  how  both  3  va  D  and  3dD  change  with  time  for  our  particular  pro* 

w 

pell ant ,  and  will  determine  this  in  paragraph  C-5  by  imposing  the  droplat 
burning  rate  results  of  paragraph  G-2  on  tha  Initial  distribution  of  Section 
12. 

Recalling  our  practical  concern  with  mass -a lie  distributions ,  one 
may  develop  a  meat -all#  distribution  function  corresponding  to  3(d,t). 

fifl  .  ("a/6)  P3dh’ 

°0  ("a/6)v4*D03dN0 


g  7tPat;dB— 

.Vw^o 
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4a 

■o 


F(D,t) 


(G-8) 


D3^tD,t)dD 

£Vw"0 

Equation  C-8  gives  the  tui 'ilu  distribution  as  a  function  of  the  mabtr- 
tic*  distribution  function  at  cay  time  that  the  latter  It  known,  Including 
tint  t  *  0  whan  D  ■  Dq,  dD  ■  dDQ,  and  3(0, t)  ■  3^.  In  Figure  G*2, 
a  Gaussian  distribution  curva  Is  shown  to  represent  3^  versus  DQ,  and  a  second 
curve  Is  shown  that  represents  the  corresponding  mass -sice  distribution 
Fq  versus  Dq.  In  the  next  section  we  examine  how  3(D,t)  can  be  related  to 
the  Initial  distribution  3Q,  through  the  burning  rste  law. 

G-5  Change  In  Population  with  Tine 

In  the  combustion  plume,  the  population  of  agglomerate*  changes  due  to 
burning  ea  the  agg  loam  rates  move  out  from  ths  burning  surface.  Ue  will  assume 
that  all  alzc  agglomerates  move  out  at  tha  ssam  speed  (not  too  good  an  assump¬ 
tion  near  tha  burning  aurfaca)  (ssa  Appendix  F).  If  one  follows  a  cat  of 
droplets  dN  in  tha  sixa  range  designated  dD,  tha  number  dN  is  constant, 
so  from  Equation  C-7, 

dN0  -  V0(D0)  dD0  “  V<D,t)dD  ’  M  (C'9) 

where  dN  and  dN  era  tha  teas  droplets,  so  dN  ■  dNQ  but  dD  t  4D^. 

From  this  relation  the  general  distribution  function  can  be  expressed  in 
terms  of  the  Initial  distribution  end  Equation  G- 3.  Thus 

3<D,t)  •  (dDg/dD)  30(Dq) 


From  Equation  G -3 , 


(dD/dDQ)  •  (1  -  t/kDon> 


(l-n) 


(C-10) 


(l-n)/n 

3<D,t)  ■  (1  -  t/kD0a)  30(DQ) 


(G-ll) 
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D,  MICRONS 

Figure  C-2.  Distribution*  functions  3  and  F,  where  3  Is 

chosen  to  be  a  Causslen  distribution  of  mean  disaster. 
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which.  In  coabloatlon  with  Equation  G-3,  gives  3(D,t)  in  taraa  of  Dq, 

3q  and  t,  and  tha  pttMtin  n  and  k  of  tha  burning  rata  law.  Thia 
nuabar-ais*  diatri button  function  ia  ah own  in  Figura  G-3*  at  aavaral  tiiaaa 
during  burning,  uaing  tha  Gauaaian  diatri button  in  Figura  G-2  aa  an  initial 
diatri button.  A  corraspooding  davalopaant  baaad  on  tha  aaaaurad  initial 
aiaa  diatribucton  for  UTP  3001  ia  ahown  in  Figura  38*. 

Tha  aasa-slt*  distribution  variaa  with  tin*  aa  indleatad  In  Equation 
8,  which  can  ba  expressed  coaplately  In  tanaa  of  Initial  diatribution  func¬ 
tion  tiaa  and  Dq  using  Equations  C-3,  G-8 ,  and  G-10,  thus 

3  a  I  +  Oil  n  lm 

M  .  Do  a  ’  t/kD0  )  °  «  3(Dq)  P0(l  -  t/kDQ°)  n  ^ 

r ®o  0 

o 


da 


F(D,t)dC 


°0J<>  •  «'*»<,")*  »<»n> 

JVW  "o 


dD, 


(G-12) 


Figura  G-3b  hows  tha  variation  in  this  maaa-aisa  distribution  for  tha  ini¬ 
tial  Gauaaian  distribution  in  Figura  G-2.  Figura  C-3c  shows  tha  araa  undar 
tha  population  curvaa  varaua  tiaa,  which  aaounts  to  a  graph  of  mass  fraction 
of  alualnua  unburnad,  varaua  tiaa.  Tha  coaparabla  curvaa  for  UTP  3001  ara 
ahown  in  Figure*  38b  and  39. 

G-5  Product  Oxlda  Population 

In  Sactlon  G-3,  tha  qualitative  nature  of  tha  product  alualnua  oxide 
droplata  was  described  in  tame  of  parcaatar*  or,  0,  and  1),  along  with 
aasuopclona  regarding  physical  behavior  detarmining  thaaa  parameters  or 
lapllclt  in  the  uee  of  thea.  Briefly, 

or  ■  aaas  fraction  of  oxlda  in  tha  <  2  ws-dlatnatar  ranga,  character- 
latlc  product  of  tha  detached  flaae  envelope  (value  roughly  0.7 
to  0.9,  aesuaed  to  ba  0.8  in  sooa  calculation*  hare). 
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Figure  G-3a.  Cheng#  In  nuabar-alza  distribution  with  clma  for 
a  Geuaalan  Initial  dlatrlbutlon. 
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Fr»ccloo  of  cha  Xuabar  of  Droplati  larud 


0  3.  10. 

(t/k  *  10*3) ,  MICRCK1*75 


flgura  <?f  drpplatii. ina_for 

_i4»Ulal  ^opuUilon'ilje  JlscclWUsn  rjayliln*. 
oxl da  fraction  In  cha  apoka  and  raaidual  fora. 
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T|  ■  the  number  of  the  larger,  surf ace-formed  residual  oxide  drop* 
lets  resulting  from  one  aluminum  droplet  (assumed  to  be  one  In 
most  calculations) . 

8  ■  the  diameter  ratio  of  residual  oxide  droplet  to  parent  aluminum 

droplet.  (Usually  for  1}  ■  1.0,  when  B  *  0.65  when  o  •  0.8). 

The  correct  values  for  a,  8.  and  1)  for  ITTP  3001  (or  any  other 

propellant)  are  not  tmovn  accurately.  In  the  present  work,  efforts  to  deter* 

mine  these  parameters  by  collection  of  droplets  In  the  combustion  plume  were 
thwarted  by  low  collection  efficiency.  However,  the  specific  values  of  0.8, 
0.65  and  1.0  noted  above  were  suggested  by  earlier  work,  and  are  compatible 
with  the  present  results.  Thus  the  product  oxide  can  b«  described  as  con¬ 
sisting  of  801  smoke  droplets  <  2  um  in  diameter  and  207,  residual  oxide 
>  2  urn  In  dlametsr. 

Having  developed  Che  equations  for  the  alumimsa  droplet  population 
versus  time  (e.g..  Equation  C-12)  the  determination  of  gg^lBlL  oxi.de  versus 
time  follows  from  the  calculations  leading  to  Figure  G-3c,  and  the  above 
aaauspclons  and  definitions,  that 

“ox  *  (“o  ’  (G*13a) 

«  _  •  a  (a  -  m)  (G-13b) 

ox.S  5  •*  o 

m  .  -  ^  (1  -  a)  (a  *  a)  (G-13c) 

OX  ,R  3**  O 

Figure  C.-3c  shove  how  the  oxide  mesa  varies  with  time  when  the  Initial  alum¬ 
inum  droplet  size  distribution  Is  the  Geusslan  one  In  Figure  G-l. 

In  Equation  G-13b,  these  smoke  oxide  droplets  are  so  small  they  fol¬ 
low  the  gas  strsamlines  around  objects  in  the  flow  with  minimal  Impingement. 
Accordingly,  no  effort  was  made  to  determine  Chair  size  distribution  (it  was 
verified  chat  they  were  In  the  <  2-us  range).  On  the  other  hand,  the  resi¬ 
dual  oxlds  droplets  are  relatively  large,  and  their  size  distribution  will 
be  considered  in  the  following. 
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Th«  most  gross  aspect  of  che  residual  oxide  la  tha  question  (Equa¬ 
tion  C-13c)  of  how  such  la  la  cha  fora  of  free  oxide  dropleca  and  how  much 
ia  aclll  preaant  aa  aurface  oxide  on  burning  aluminum  droplets.  Thia  ques* 
tlon  can  be  aaawered  by  axaa^ttirg  how  such  of  cha  initial  aluminum  popu¬ 
lation  la  burned  out  at  a  given  time  t,  i.e.,  chat  pare  for  which  D..  < 
(t/k)1  n.  Referring  to  Figure  G-2,  if  the  diameter  corresponding  Co  Pn  * 
(t/k)1/n  la  located,  the  dropleca  at  lower  Dq  have  all  burned  out  and 
che  area  under  Che  Fq  curve  Co  Che  left  of  chle  Dq  ia  the  portion  of 
che  aluelnum  Involved  chac  has  contributed  Co  residual  oxide  dropleca. 

This  amounts  to  integrating  the  initial  discrlbutlon  function  from  DQ  ■  0 
to  D0  •  <t/k)W”  *  It*)1'” 


D0-(t*)1/o  V(t‘>1'” 

V  ■  /  ^  ■  /  w  "c 


Do-° 
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The  QUBbtJE-lUg.  dllUllMilflB  Si  CMlduil  oxide  digging  (after  all 
aluminum  has  burned)  la,  vlchln  limits  of  assumptions  about  ar  and  *1, 

determined  directly  by  the  initial  aluminum  droplet  size  distribution.  Thus 

^  * 

if  we  define  the  number-size  distribution  by  3  ,  then 


dN 
— 2k 


3  (D  ,t)  dD 

ox  ox  ox 


«  The  subscript  "ox"  la  used  here  to  mean  oxide  after  aluminum  burnout, 
and  rafers  to  frea  residual  oxide  dropleca.  During  aluminum  burning 
an  additional  subscript  will  be  uaed  to  distinguish  residual  oxide 
from  that  on  Che  aurface  of  aluminum  droplets. 
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where  dNQx  corr*sp<xids  to  residual  oxide  droplet*  in  *  diameter  lne 


dO 


droplet*  that  In  turn  correspond  to  *  number  dN  • 


of 

K 

parent  aluadnus  droplet*  of  initial  disaater  D-  In  the  dlaaeter  tner 


dO 
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The  population 


3  (0 _ )  i*  related  to  eh*  inieial  aluadaua  droplet 
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population  by 
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The  second  (burnout)  part  of  Equation  G-14*  provides  the  t lee-dependence  of 


ox 


(D^.t),  with  the  final  illiliJBlUJHL  being  given  by  taking  large 


t  so  all 


aivadnua  droplets  are  burned  out.  To  be  useful,  Equation  G-14*  oust  be 
Modified  or  suppleeenced  by  a  relationship  between  Dq](  and  DQ  such  as 
that  In  Equation  G*6,  fro*  which  on*  aay  rewrite  G-14a  as 
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From  this  equation  it  Is  evident  that  the  final  residual  oxide  distribution 
function  differ*  f ran  the  original  alualnua  droplet  distribution  by  simple 
linear  scale  changes,  Illustrated  in  Figure  G-4a  for  the  Gaussian  dlatrlbu- 
tlon  for  value*  of  **  and  3  of  1.0  and  0.65  respectively.  Note  that  for 
tlaet  whan  the  a lualnua  la  not  ell  burned  out,  not  all  of  the  final  popule* 
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Cion  of  f ree  oxide  droplata  la  yet  formed.  In  particular,  cha  larga  drop- 
lata,  which  fora  fro*  initially  larga  alunlnua  droplata,  art  not  yat  fraa 
of  tha  aluadnun.  S pacifically ,  at  a  given  tlaa  aftar  tha  population  laft 
tha  burning  aurfaca,  tha  aacood  part  of  Equation  C-14b  appliaa,  and  larger 
droplata  have  not  yat  antarad  tha  population.  Thla  la  llluatratad  by  cha 
abaclaaa  acala  at  cha  top  of  Figure  C-4a,  which  allova  one  to  find  tha  por¬ 
tion  of  tha  droplat  population  that  appliaa  at  any  tlaa  aftar  tha  droplac 
population  atarta  burning. 

Tha  aaaa -ala#  dlatrlbutlon  of.  tha  raaidual  oxide  droplata  can  ba 
developed  froa  tha  auabar*alaa  dlatrlbutlon  of  tha  oxide  or  tha  Initial 
a 1 uni  nun  population,  and  vlll  have  the  s ana  elan-cutoff  tine  dependence 
aa  the  nuaber-aize  dlatrlbutlon.  Thue 
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or  from  Equation  14  (or  Equation  G-12  with  t  •  0) 
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Thua  tha  nil  dual  oxida  droplat  population  ia  daicrlbad  in  cam  of  tha 
original  alvmlmni  droplat  population  and  cartaln  approximation!  Involving 
droplat  combuatlou  ambodlad  In  tha  paraaotara  T)  and  0.  Raaaonabla  aitl- 
matai  of  chaia  paraiaatari  art  1.0  and  0.65  raapactlvaly . 

tea  non  aapact  of  droplat  distribution!  li  tha  anoint  at  mrfaca 
raildual  oxida  ja  burning  droplati.  Aa  not ad  aarliar.  wa  Hava  choaan  to 
ignon  thla  aadda  In  daacrlbtng  tha  aluminum  population  varaua  tlma. 
Howavar,  thla  oxida  la  axpactad  to  ba  a  factor  in  Imping anant  on  objacti 
in  tha  conbuitlon  zona ,  and  during  part  of  tha  burning  hiatory  of  a  popula¬ 
tion.  involvaa  mora  oxida  man  chan  tha  fraa  raildual  oxida  population.  In 
tha  following  davalopmanc,  tha  aurfaca  oxida  la  aailgnad  a  dlaaatar,  in 
ordar  to  follow  cn  forma  lit*  uiad  for  tha  othar  populatloni.  Howavar  tha 
dlamatar  li  almply  a  maana  of  a pacifying  mail  without  gattlng  lnvolvad  In 
daacrlblng  tha  ihapa  of  tha  aurfaca  oxida.  Thua ,  uilng  tha  pravloua  con- 
vantlona  on  notation, 
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In  this  expression  the  ratio  of  dN _  /dN.  will  b«  taken  to  be  1.0,  u  it 

ralataa  to  tha  distribution  of  tha  surface  oxide  on  the  aluminum  droplet 
and  we  are  concerned  only  with  total  aass.  Tha  ratio  of  differentials  can 

be  calculated  from  D _ /n  ,  so  it  remains  to  determine  the  relation  of 

to  Dq  and  clam,  which  follows  from  Equation  G-13c  expressed  in 
terms  of  diaamtar 
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where  s'  la  2  (see  Equation  G-6)  with  •  •  1.  and  Equation  G-17  la  the 

desired  relation  of  D _ _  to  D  and  t.  Now  the  ratio  of  diameter  dlf- 

oxa  u 

farentlals  In  Equation  C-16  can  be  obtained  from  Equation  G-17,  and  when 
the  results  and  Equation  G-17  are  substituted  back  in  Equation  G-16,  one 
obtains 
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This  set  of  equations  defines  a  mass-size  distribution  function  for  Che 
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surface  oxide ,  u  *  function  of  the  Initial  aluminum  distribution  function 
Fq ,  a  pseudo-diameter  (or  raal  diameter  Oq  of  parent  droplet), 

and  tiaa.  The  third  aquation  in  tha  sat  as par at as  tha  droplata  that  ara 
all  oxide  froa  tha  onas  with  aluainua  still  burning.  In  othar  words,  tha 
surfaca  oxide  corrasponds  to  tha  larger  droplata  to  tha  right  of  Dn  • 
(t/k)l/n  in  Figure  C-4.  However,  tha  droplata  ara  not  fully  developed 
yet,  so  tha  distribution  functlac  is  below  the  final  one,  approaching  it 
as  in  tha  akatch  in  Figure  C-5. 

C-6  Sumeary  of  Population  Calculations 

The  population  calculations  start  with  an  experimentally  deter* 
mined  distribution  of  aluainua  droplets  leaving  tha  burning  surface, 
and  a  burning  rate  law  for  droplata.  Froa  this  tha  site  distribution  Is 
calculated  as  a  function  of  tiaa,  along  with  tha  total  naaa  of  alundnua 
rueaining  and  oxida  formed.  In  addition,  tha  aaes-alxe  distributions  of 
tha  product  oxida  droplati,  and  of  .^cumulations  on  burning  droplata  ara 
calculated  versus  tiaa.  Thus  ona  knows  tha  percent  aluainua  burned,  and 
tha  alas  distribution  of  aluadnuai  and  oxida  droplata  and  tha  amount  of 
oxida  attached  to  the  alumini*  droplets.  This  tine  dependence  can  than  be 
converted  into  a  spatial  dependence  by  cooaldaring  tha  velocity  field 
(Section  7).  Froa  tha  standpoint  of  an  objact  in  tha  fire  anvi ronaant , 
thla  describes  tha  physical  charactar  of  tha  condensed  material  that  nay 
participate  in  impingement,  heat  transfar  and  furchsr  reaction.  It  also 
provides  tha  information  on  percent  alvasinva  burned,  which  is  needed  to 
uae  tha  tharmochenlcal  equilibrium  calculations  (Figures  S  sod  6)  to 
obtain  estimates  of  gas  composition,  temperature,  molecular  weight,  viacos 
lty,  etc.  Thla  sequential  synthesis  of  results  Is  outlined  in  Figure  G-6. 


*  A  Gaussian  distribution  was  assumed  In  thla  Appendix;  an  experlsmntal 
distribution  was  used  in  ths  corresponding  calculations  for  the  text. 
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Population 

Calculation 


Figura  06.  Uaa  of  population  curves  brings  togathar  various 

data  to  glva  spatial  dlatrlbution  of  flra  anvi ronotant . 
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NOMENCLATURE 
(Appendix  C) 


SYMBOLS 

D  Disaster  (of  a  droplet) 

F  Mass -else  distribution  function;  F  *  dm/aQdD 

3  Nuaber-slse  diatributioo  function;  7  ■  dN/N^dD 

k  Coefficient  in  the  droplet  burning  lew  t  -  k Dfln 

v  r* 

a  Maaa  of  a  droplet,  or  a  aat  of  N  droplata;  a  •  j  da 
Refers  to  aluminum  when  no  subscript  ° 

N  Number  of  droplets  in  a  specified  set  or  population 

n  Exponent  in  the  aluminum  droplet  burning  law;  t  •  kD^ 

P,P'  Points  on  the  population  curve  for  D  •  (t/kDgU). 

t  Tine  (from  start  of  burning  of  a  droplet) 

x  Distance  from  propellant  burning  surface 

a  Portion  of  oxide  produced  in  smoke  form 

S  Diameter  of  residual  oxide  droplet  divided  by  diameter  oi  parent 

alumimn  droplet  (for  case  of  ^  •  1) 

0'  «  «i0 

71  Number  of  oxide  droplets  from  each  alualnua  droplet 

o  Density;  alualnua  unless  subscript 

t  Burning  time  of  aluminum  droplet 

jVKffilfIS. 

Al  A 1  mlnum :  mass  and  dlamater  without  subscript,  or  with  subscript 

0  are  also  aluminum 

AljOj  Alualnm  oxide;  usually  denoted  by  subscript  ox 
bo  Refers  to  burned  out  materiel  or  state 

0  Value  at  t  •  0,  the  start  of  burning 

ox  Oxide 

oxR  All  surface-formed  or  residual  oxide 

oxr  Oxide  droplets  free  of  the  parent  aluminum  droplet 

oxS  Books  oxide  (droplets  <  2  -a> 

oxs  Surface  oxide  still  on  the  alualnua  droplets 
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APPENDIX  H 
CAS  ANALYSES 


H-l  Objective 

The  chad «cry  effort  of  chit  projact  la  divided  Into  tha  following 

taaka : 

1.  Development  of  a  sampling  davlea  for  tha  combustion  of  gases. 

2.  Development  of  an  analytical  procedure  for  tha  analysis  of  tha 
gaseous  c  embus t ion  produ  s  such  as  hydrogen,  carbon  dioxide,  carbon  mon - 
oxide,  water,  sad  volatile  hydrocarbons. 

3.  Plotting  tha  relative  concentrations  of  tha  above  gases  and 

vapors  at  different  heights  frost  the  surface  of  tha  burning  propellant  and 

comparison  of  tha  experimental  raaulta  with  those  of  equilibrium  calcula- 
tlona. 

H-2  The  Sampling  Device 

In  designing  a  sampling  davlea  for  tha  cambustlm  gates  we  must  take 
Into  consideration  the  conditions  of  tha  combustion.  Tha  combustion,  for 
axampla,  of  tha  propellant  sample  is  completa  within  a  faw  seconds  during 
which  the  gaseous  ssmpla  oust  be  collected.  The  temperature  above  the 
burning  propellent  Is  very  high,  end  this  limits  the  choice  of  materials 
that  could  be  used.  During  the  combustion  of  the  propellant,  large  amounts 
of  corrosive  hydrogen  chloride  Is  produced  from  the  dsc exposition  of  aamon" 
lum  perchlorate. 

The  presence  of  the  hydrogen  chloride  In  Che  reactlcxi  gases  makes 
It  Impossible  to  use  any  chromatographic  method  for  their  analysis,  because 
It  will  destroy  the  chromatographic  colum  end  the  detector.  It  le  there" 
fore  very  Important  that  tha  hydrogen  chloride  be  either  excluded  from  the 
sample  or  be  removed  after  the  collection  end  before  the  analysis. 

With  these  considerations  In  mind  Che  following  sampling  device 
(Figure  52)  was  constructed.  It  consists  of  e  glass  ampula  with  a  Tafloo 
valve.  The  Inlet  of  the  ampule  wee  pecked  with  glass  wool  end  It  was  con- 
nectsd  Into  a  stainless  steal  tubing  packad  with  fritted  stainless  steal. 
Before  sampling,  the  ampule  is  evacuated  using  a  high  vacuum  pump,  and  then 
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lc  It  connected  with  the  stainless  steel  Cuba  through  a  Teflon  alaava. 

Immediately  bafora  sampling,  tha  atainlaaa  ataal  tuba  is  fluahad 
with  ha  Hum  to  remove  tha  air.  Tha  propellant  sample  la  burr,  ad  on  tha 
bottom  of  a  atainlaaa  ataal  pipe  p lac ad  vartlcally  Inalda  an  axhauat  hood. 

During  tha  combustion,  tha  and  la  Introduced  Into  tha  cantar  of 
tha  combustion  affluent  through  an  opening  on  tha  vail  of  tha  atainlaaa 
steal  pipe.  Than  tha  Teflon  valve  of  tha  ampile  la  opened  and  a  aaapla  la 
drawn  Into  tha  ampule.  In  order  to  atop  any  reaction  between  the  compo¬ 
nent*  of  tha  aaapla.  tha  aapule  la  lmaraed  in  liquid  nitrogen  during 
sampling.  Any  baae  uaad  to  neutralize  It  auch  aa  sodium  hydroxide  or 
calcium  hydroxide  would  alao  neutralize  the  carbon  dioxide. 

Succaaaful  raaova 1  of  tha  hydrogen  chloride  was  accomplished  by 
filling  tha  saapllng  ampule  with  powdered  * odium  oxalate  according  to 
the  equation: 


C,0  Ha„  ♦  2  HCl  C.,0,H„  ♦  2  NaCl 
2  4  2  2  4  2 


(H-l) 


H-3  Analyala  of  the  Gases 

Ihara  ara  several  methods  available  for  the  analysis  of  gaaaa.  Tha 
preferred  one,  however,  is  gas  chromatography. 

Preliminary  testing  indicated  tha  pretence  of  hydrogen,  carbon  mono¬ 
xide,  carbon  dioxide  and  water  in  the  combustion  gases.  Methane  was  f<xind 
among  the  reaction  products  when  Che  combustion  of  the  propellant  sample 
took  place  inalda  a  phenolic  resin  pipe.  Combustion  inside  e  sealnlesa 
steel  pipe  produced  no  methane  or  any  othar  hydrocarbon. 

From  the  beginning  of  the  analytical  work,  it  became  obvious  that 
in  addition  to  tha  hydrogen,  carbon  monoxide,  carbon  dioxide  and  water, 
there  wars  always  present  oxygen  and  nitrogen  among  the  combustion  products, 
In  a  ratio  approximately  that  of  air.  Since  there  is  no  appreciable  free 
oxygen  expected  in  the  combustion  tone,  it  was  concluded  that  the  samples 
were  contaminated  with  air.  This  affected  the  choice  of  subaaquent  pro¬ 
cedures,  as  the  analysis  was  now  required  to  distinguish  oxygen  and  nltro- 
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g«n  fro*  other  constituents. 

Since  the  chromatographic  column  la  responsible  for  eh*  •operation, 
eh*  choic*  of  eh*  column  vu  eh*  most  Important  decision  la  developing  eh* 
methodology  for  Ch«  analysis  of  eh*  gaseous  produce*.  Th*r*  la  no  on* 
alngla  chrome  ©graphic  colum  capable  of  separating  all  eh*  ccmbuatlon  gases 
and  air.  Holacular  slaves,  for  example,  ar*  vary  *f£*celv*  for  eh*  separa¬ 
tion  of  hydrogen,  oxygen,  nitrogen  and  carbon  monoxide.  They  absorb,  how¬ 
ever  .  ehe  carbon  dloxld*  and  ehe  water,  thn  porous  organic  polymers ,  on 
the  oChar  hand,  such  aa  porapacka,  do  not  absorb  the  carbon  dloxld*  ar£ 
eh*  wear,  but  eh*  separation  of  eh*  other  gases  is  vary  poor,  and  eh* 
vat«r  peak  la  vary  broad  and  flat,  difficult  to  quantitate. 

To  overcome  *11  these  dlf flcultiea ,  we  decided  to  analyse  the  water 
separately  from  the  permanent  gaaas  and  to  uaa  a  combination  of  chromato¬ 
graphic  columns  for  the  analysis  of  the  gases. 

Such  a  combination  it  a  CTR  column,  available  commercial ly  from  Altack 
Associates.  A  CTR  column  ia  a  combination  of  two  concentric  columns.  The 
inner  column  hse  a  0.95  cm  OD  and  it  la  packed  with  molecular  alev*.  The 
tempi*  Injected  into  the  CTR  colum  la  split  between  the  porepeck  and  the 
molecular  sieve  coluana.  The  portion  of  the  sample  entering  the  molecular 
slave  will  be  separated  and  will  elute  the  0^,  and  CO,  followd  by  a 

peak  dua  to  CO.,.  It  la  therefore  possible  to  separate  ell  the  gaaas  with 
one  Injection  (Figures  53  and  54). 

H-4  Determination  of  Water 

The  ,uantltatlon  of  Che  water  In  the  combustion  gases  Is  complicated 
by  the  presence  of  hydrogen  chloride. 

There  la  also  the  danger  cf  condensation  of  che  water  vapor  on  the 
walls  of  the  sampling  device. 

An  attempt  vat  made  to  trap  the  water  on  anhydrous  salt*  such  as 
magnesium  sulfate  and  then  determine  its  amount  by  the  weight  gain  of  the 
aelt.  The  results,  however,  were  not  consistent. 

A  chromatographic  method,  on  the  other  hand,  showed  more  promise. 

The  sample  glas*  ampule  used  to  collect  the  combustion  gtaes  was 
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alao  used  Co  collect  •  sample  for  the  determination  of  water.  However, 
instead  of  cha  iodl.ua  oxalate  uaad  Co  naucrallza  Che  hydrogen  chloride, 

S  greaa  of  anhydrous  barium  hydroxide  wea  added  into  the  ampule.  Before 
*  snip  ling,  Che  aapule  vaa  heated  co  120°C  and  was  pumped  overnight  in  a 
vacuum  ayacea. 

The  bariua  hydroxide  neutralizes  and  reaovea  Che  hydrogen  chloride 
and  Che  carbon  dioxide  from  the  gaaeoua  products. 

After  samp ling ■  the  inlet  of  che  aapule  is  plugged  with  e  rubber 
septua  end  the  labile  la  hasted  again  to  120°C  in  order  to  keep  the  water 
in  the  vapor  phase. 

A  seaple  for  chromatographic  analysis  la  drawn  through  che  aeptua 
with  e  syringe.  The  chroasatographie  colunm  used  for  the  quantitation  of 
watar  was  a  2  ■  x  0.95  cm  chroma* orb  104.  Tha  watar  elutes  out  of  the 
cnroaosorb  efter  the  gaeee,  and  ae  a  rather  sharp  peak  which  can  be  eaaily 
quantitated.  The  reaulte,  however,  of  the  water  determination  were  not 
very  reproducible.  Thla  may  be  due  to  an  observed  tendency  for  the  water 
io  condense  Inside  tha  stainless  steel  tube  of  the  sampling  device.  The 
reproducibility  of  che  injected  volume  of  sample  into  tht  CC  is  also  quas* 
Clonable  since  che  sample  is  drawn  at  1203C  into  a  syringe  of  much  luwar 
temperature.  Further  refinements  in  the  experiment  will  be  required  before 
a  valid  comparison  can  be  made  of  water  concentration  in  samples  froa  dif¬ 
ferent  sites  In  the  combustion  plume. 

H-5  Determination  of  Amount  of  Unreacted  Aluminum  in  Samples  Collected 

from  the  Plume 

The  progress  of  aluminum  combustion  can  be  most  directly  determined 
by  almply  intercepting,  quenching,  collecting  and  analysing  ths  condensed 
material  at  different  locations  in  tha  plume.  The  samples  that  were  collect* 
ed  wars  examined  in  many  way*  (sat  Appendix  Cl,  but  ths  aluminum  content  In 
particular  was  examined  by  twe  method*.  The  first  was  reaction  of  Che  alum* 
lnum  by  HCl  and  rinsing  to  remove  the  dissolved  products.  Comparison  of 
dried  sample  weights  before  and  after  such  processing  showed  s  weignt  loss 
corresponding  to  the  unreacted  aluminum  weight  of  tha  original  sample. 

This  method,  and  results,  are  described  in  Appendix  C. 


The  second  method  of  determining  aluminum  weight  was  contrived  to 
circumvent  the  feet  that  soae  Al^O^  n4Cts  HC1  during  the  previously 

described  test  (possibly  e  negligible  amount).  The  second  method  measures 
the  get  formed  by  the  HCi  reaction.  This  method  depends  on  the  reaction 

scheeM 

2A1  ♦  6  HC1  2AlCij  +  3Hj  (H-2) 

AljOj  +  6  HCI  -»  2AlCi3  +  3Hj J  (H-3) 

Although  both  aluaimm  end  Al^Q^  AlClj  when  dissolved  by  HCI,  the 

a 1 unloves  metal  also  yields  hydrogen  gas,  whereas  the  Al^Q^  yields  water. 
Measurement  of  the  volume  of  hydrogen  produced  from  a  known  amount  of 
sample  will  enable  us  to  calculate  the  amount  of  aluminum  in  the  ssmple 
from  Equation  H-2. 

Using  the  second  method,  a  very  simple  devlc*  was  used  for  the  dis¬ 
solution  of  the  aluminum  and  collection  of  hydrogen  gas. 

The  aluminum  sample  was  trapped  Inside  a  glass  fiber  filter  and 
placed  inside  a  100-ml  burette  graduated  to  0.1  ml.  Then  the  burette  was 
filled  with  hydrochloric  acid  diluted  1  to  3  through  s  reservoir  connected 
to  the  tip  of  the  burette  with  e  plasr.lc  tubing.  The  top  of  the  burette 
wee  plugged  with  e  rubber  septum. 

As  ths  aluminum  dissolved  end  hydrogen  ges  la  produced,  the  surface 
of  the  liquid  In  the  burette  moved  down.  The  reservoir  was  lowered  from 
time  to  time  In  order  to  keep  Ice  surface  on  the  seam  level  with  the  liquid 
Inside  the  burette.  It  took  73  minutes  for  ths  rsaction  to  be  completed. 

The  volume  of  the  hydrogen  was  reed  on  the  burette  at  the  ambient 
temperature.  Then  It  was  corrected  for  the  pressure  of  the  water  vapor 
inside  ths  burette  and  it  was  converted  Into  s  volume  under  standard  con¬ 
ditions  of  1  at*  and  0°  Kelvin. 

Ths  amount  of  alumlmm  corresponding  to  s  certain  correct  volume  of 
hydrogen  vss  calculated  from  Equation  H-2  from  which  resulted  in 
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1.12  ml  Hj/ag  Aluminum 

Thl*  procadura  tor  da earning  aluminum  contant  In  a  sample  waa  judged 
to  b«  practical,  but  waa  not  uaad  extensively  because  tha  method  described 
in  Appandlx  C  va*  preferred. 


